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ABSTRACT
Removal of the Cyanobacterial Toxin Microcystin-LR by Biofiltration: 
Identification of Toxin-degrading Bacteria and Effects of Backwashing
by
Lazaro Eleuterio
Dr. Jacimaria Ramos Batista, Examination Committee Chair 
Associate Professor, Department of Civil and Environmental Engineering 
University o f Nevada, Las Vegas
The removal o f the cyanobaeterial toxin microcystin-LR by slow and rapid 
drinking water biofilters, the presence of the microcystin-degrading bacteria in operating 
biofilters, the impact o f backwashing on the removal o f microcystin by biofiltration, and 
the prediction o f microeystin-LR removal using a nonsteady-state biofilm model were 
investigated. A newly recognized mierocystin-LR degrader, Morganella morganii, exists 
in Lake Mead and operating active biofilters. The results o f the biodégradation tests 
indicated that addition of a carbon source, in the form of biodegradable NOM, 
significantly delayed the degradation of microcystin-LR. The biofiltration experiments 
demonstrated that at steady-state, biofiltration may be a potential technology for the 
removal o f microcystin-LR under slow and rapid conditions. However, the impact of 
backwashing on microcystin removal, points out some limitations for this treatment 
process. The results o f biofilm model prediction using estimated biofilm thickness 
indicated a better agreement with the TOC experimental data than with the microcystin's 
data.
I l l
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CHAPTER 1
INTRODUCTION
Potentially toxic cyanobacterial blooms (“algal blooms”) have occurred worldwide as 
a result o f eutrophication of lakes, rivers, and reservoirs, and represent significant health 
hazards to humans, livestock, and wildlife (Yoo et a l,  1995; Humpage and Falconer, 
1999; Hirooka et al., 1999; Jochimsen et al., 1998; Kaas and Henriksen, 2000; Ishii et al.,
2004). A number of genera of cyanobacteria can produce lethal toxins, which have been 
classified into three groups, namely hepatotoxins, neurotoxins and endotoxins. 
Hepatotoxins are exclusive toxins o f the liver, neurotoxins act on the central nervous 
system (CNS), and endotoxins present diverse target organs, including liver, kidney, and 
skin. Poisoning and death o f humans and animals have been associated with the 
ingestion o f drinking water sources contaminated with cyanobacterial toxins. In the US, 
rapid death o f wild and domestic animals have been reported in at least 15 states (Yoo et 
ah, 1995). Two incidents were well documented in South Australia. In the first, 139 
children were stricken with acute hepatitis after the local water authority controlled a 
dense cyanobacterial bloom in the water reservoir with copper sulfate (Humpage and 
Falconer, 1999). In the second, 17 cows, 5 pigs and 3 dogs died in a rural town after two 
consecutive cyanobacterial blooms (Falconer et ah, 1991). In 1996, the death of 53 
patients at a hemodialysis centre in Caruaru, Brazil was attributed to hemorrhagic liver
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
failure associated with water contaminated with cyanobacterial toxin (Hirooka et a l, 
1999; Jochimsen et al., 1998).
Microcystins are hepatotoxins produced by some species o f Microcystis, Oscillatoria 
and Anabaena. Over 76 different microcystin analogues have been found in natural algal 
blooms. The most common and potently toxic variant is microcystin-LR, which has been 
identified in several toxic cyanobacterial blooms and is the focus of this research. The 
chemical structure o f all microcystins is very similar. They are cyclic peptides (i.e. 
peptide is a molecule composed o f two or more amino acids) consisting o f seven amino 
acids. A variant o f component amino decadienoic acid (ADDA) (3-amino-9-methoxy- 
2,4,8-trimethyl-10-phenyldeca-4(E), 6 (E)-dienoic acid) is present in all microcystins and 
is considered the structural unit crucial for the toxicity (Botes et al., 1984; Botes et al., 
1985; Carmichael, 1992; Sivonen and Jones, 1999; Ressom, et al., 1994; and Cox et al,
2005). At the molecular level, microcystin binds irreversibly to the cells o f the liver and 
inhibits protein phosphatase causing cell rupture, hemorrhage o f the liver, and tumor 
formation (Wiegand and Pflugmacher, 2005; Cohen and Cohen, 1989; Carmichael, 1992; 
and Bourne et al., 1996). The conjugated 4(E), 6 (E)-Adda portions are the specific 
binding sites o f microcystin-LR molecule that interact directly with phosphatase 
(Nishiwaki-Matsushima et al., 1992). Protein phosphatase plays a central role in 
different processes o f eukaryotic cells, including synthesis and cell reproduction, due to 
its ability to reverse the action of protein kinases (Goldberg et al., 1995; Cohen and 
Cohen, 1989).
Because of the potent toxicity o f microcystin-LR, the World Health Organization 
(WHO) has set a maximum permissible value o f 1 pg/L of mierocystin-LR in drinking
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
water (WHO, 1998). The U. S. EPA has included cyanobacterial toxins in its Drinking 
Water Contaminant Candidate List (CCL) (EPA, 1998). Drinking water authorities 
world-wide are dealing with the challenge o f treating waters contaminated with 
cyanobacterial toxins (Sivonen et al., 1990; Codd, 1995; Ame et al., 2003; Kaas and 
Henriksen, 2000; Lindholm et al., 2003; Hotto et al., 2005; Albay et al., 2005). In Las 
Vegas, NV, a massive algal bloom occurred in 2001 and since then the Southern Nevada 
Water Authority has been monitoring Lake Mead for microcystin-LR and 
Cylindrospermopsis toxin.
The cyanobacterial toxin issue in drinking water can be addressed by either 
minimizing the risk of algal bloom formation, through the control of nutrient discharges 
to water bodies, or by developing treatment technologies that can remove these 
contaminants from waters. Therefore, a need exists for technologies that can remove 
algal toxins from waters. This research focuses on the evaluation of biologically active 
biofilters as a means to remove microcystin-LR from water supplies.
Conventional treatment processes have been proven to be ineffective or too expensive 
in removing cyanobacterial toxins (Donati et al., 1994; Himberg et al., 1989; Schmidt et 
al., 2002). For instance, no removal o f microcystins was achieved by processes 
involving flocculation-filtration-chlorination and flocculation-filtration (Keijola et al., 
1988). Alternative processes, such as granular activated carbon, powdered activated 
carbon, and membrane filtration have been considered highly efficient for the removal of 
cyanobacterial toxin. However, given their high capital cost and considering that 
cyanobacterial blooms are seasonal and unpredictable, these technologies have been 
considered inapplicable for the exclusive removal o f cyanobacterial toxins.
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A potential method for cyanobaeterial toxin removal from drinking water is 
degradation in biologically active filters -  biofiltration. The biological degradation of 
microcystins in water has been proven to be very effective as they can be used as carbon 
source by heterotrophic bacteria (Jones and Orr, 1994; Kenefick et al., 1993, Watanabe et 
al., 1992, Jones et al., 1994; Berg et a l ,  1987; Cousins et al., 1996; Holst et al., 2003). A 
few strains o f the genus Sphingomonas have been isolated and reported to be capable of 
degrading microcystin-LR (Park et al. 2001; Saitou et al., 2003, Ishii et al., 2004). The 
pathway and the genes involved in the biodégradation of microcystin-LR have been 
characterized by Bourne et al. (1996, 2001). However, much research is needed to 
identify and characterize bacteria that are able to degrade microcystin.
In this research, it is envisioned that the process of cyanobacterial toxin degradation 
in drinking water biofilters is similar to that observed for natural organic matter (NOM). 
Biologically active filters have been recognized as the most effective and economically 
attractive means for the removal o f natural organic matter from waters (Hozalski, 
Bouwer, Goel, 1992, 1995, and 1999; Hozalski and Bouwer, 1998 and 2000). The fact 
that NOM can be efficiently removed by biofiltration coupled with successful reports of 
toxin biodégradation, support the hypothesis that microcystin-LR can be removed from 
waters by biofiltration.
Presently, there are only a few published studies that address the removal of 
cyanobacterial toxins via biofitration (Keijola et ah, 1988; Lahti and Hiisvirta, 1989; 
Hoeger et ah, 2001; Gruetzmaeher et al, 2002; Ho et al., 2005, Bourne et. al., 2006). 
Variable removals o f cyanobacterial toxins by slow sand filtration have been reported in 
bench (Keijola et al., 1988; Ho et al., 2006) and full-scale studies (Gruetzmaeher et al..
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2002; Lahti and Hiisvirta, 1989). Bourne et al. (2006) investigated the removal of 
microcystin-LR by six pilot-scale biofilters with a 30-hour EBCT (empty bed contact 
time) and different concentrations of biomass. Microcystin-LR was removed to below 
the threshold guideline level (1 pg/L). Lahti and Hiisvirta (1989) reported 85% 
microcystin-LR removal in slow sand filters operated at EBCT ranging from 1 6 - 3 0  
minutes.
Prior to this study, there were several issues concerning microcystin removal by 
biofilters that had not been addressed. The issues include: identification of bacteria that 
inhabit biofilms that are capable o f degrading microcystin; inconsistent biodégradation 
rates; impact o f backwashing on microcystin removal; and microcystin removal rates at 
EBCTs comparable to those of rapid filters. Varying microcystin biodégradation rates 
have been reported for filters operated at similar conditions and to date, only one 
published article (Ho et al., 2006) has addressed microcystin-LR removal by rapid sand 
filters. All the other published articles deal with slow filtration. No data have been 
published on the impact o f backwashing on the degradation o f microcystin-LR in 
biological filters. In the U. S. drinking water industry, rapid sand filters have largely 
replaced slow sand filters and it is the prevalent design used (ASCE and AWWA, 1990; 
Crittenden, et ah, 2005).
The proposed study will investigate whether biological degradation of mieroeystin- 
LR would occur in drinking water rapid and slow sand biofilters. In addition, it will 
evaluate whether the bacteria that inhabit biofilters are capable of microcystin 
degradation. Furthermore, it will study the impacts o f backwashing on toxin removal in 
biofilters. It is expected that the results of this investigation will contribute knowledge
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that will lead to the development of technologies to remove cyanobaeterial toxins from 
water supplies. Therefore, the results o f this research have the potential to directly 
impact public health.
1.1- Research Objectives and Hypothesis 
The introduction of biologically active filters in drinking water treatment plants has 
become more frequent since 1998 , when the U.S. Environmental Protection Agency 
approved the legislation to reduce Microbial Pathogens and Disinfection By-Products 
(M-DBPs) in drinking water (EPA, 1998). Prior to the approval o f stricter rules for 
disinfection by-products in potable water, the U.S. drinking water industry disinfected the 
water primarily with chlorine. Chlorine reacts with natural organic matter (NOM) 
present in drinking water and forms harmful compounds to human health, such as 
trihalomethanes (THM), halogenic acetic acids (HAA), and haloketones (HK). These 
compounds are known as disinfeetion by-products (DBPs). In order to prevent the 
formation of DBPs, water facilities ean either remove NOM prior to ehlorine addition 
using, for example, aetivated carbon; or they can switch the disinfection process to 
ozonation, whieh does not result in THM formation. The use o f ozone as primary 
disinfectant has increased signifieantly in the U. S. after the approval of more stringent 
regulations for DBF’s. Ozone breaks up NOM into readily biodegradable molecules, 
BOM (biodegradable organic matter). The most eommon readily biodegradable organic 
compounds produced by ozonation of water are acetate, formate, and aldehydes 
(Andrews, 1993; Agbekodo et ah, 1996; Merlet et ah, 1996). This biodegradable organic
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matter is responsible for the establishment o f biofilms on the surface o f the filter media in 
water treatment plants. Since chlorine is no longer used as a primary disinfectant, no 
disinfectant residual is present and biofilms grow in the filter media at the expense o f the 
biodegradable NOM. The result is the establishment o f biofiltration. In biofiltration, the 
biodegradable NOM is consumed by microorganisms significantly decreasing the organic 
content o f the water. In drinking water facilities, the biodegradable organic matter that 
enters the biofilters constitutes the primary source o f carbon for the biofilm.
In this research, it is envisioned that NOM present in the water is the primary 
substrate (i.e. contributes significantly to cell growth) while microcystin-LR is 
biodegraded as a secondary substrate -  contributing insignificantly to cell growth. This 
assumption is based on the fact that NOM concentrations in waters are in the part per 
million range (2 -  23 mg/L for most surface waters, AWWA 2000; and > 100 mg/L for 
highly colored waters, MWH 2005) while microcystin-LR occurs in the part per billion 
range (1 0 -1 2 0  pg/L).
The specific objectives o f the proposed research are:
1) To determine whether the cyanobacterial toxin microcystin-LR can be 
removed by biofiltration at typical empty bed contact times (EBCT’s).
2) To investigate whether bacteria that inhabit biofilters have the ability to 
degrade microcystin.
3) To investigate the impact of backwashing on microcystin-LR removal in 
biologically active filters.
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4) To model the biodégradation o f microcystin-LR using a non-steady-state 
biofilm model. The model results will be compared with values obtained in 
laboratory-scale biofilters.
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CHAPTER 2
STATE OF KNOWLEDGE
2.1- Cyanobacteria Phylogeny
In the past, cyanobacteria were classified as algae and termed “blue-green algae” 
owing to their color. However, with the advent o f phylogenetic analysis of 16S rRNA 
and scan electron microscopy, cyanobacterial cells were classified as being typically 
prokaryotic, indicating a direct descendent from the Eubacteria (Woese, 1987; Delwiche 
et al.', 1995; Fox et al.', 1980; Bonen and Doolittle 1975 and 1976; Zablen et al., 1975; 
Perry, et al, 2002; Delwiche et al, 1994; Waterbury and Stanier, 1978; Bonen and 
Doolittle, 1976, 1975; Woese, 1987). The “blue-green algae” nomenclature, mostly used 
by botanists, is convenient for referring to prokaryotic organisms that live in aquatic 
environments and generate their own food through phototrophic processes (Perry et al., 
2002). Presently, “cyanobacterium” is the nomenclature widely accepted by 
bacteriologists and it is the term that will be used in this research.
During the last three decades cyanobacteria have become widely recognized as one of 
the largest and most diverse groups of the Prokaryotic kingdom. Cyanobacteria are 
phylogenetically related to the evolution of prokaryotic cells that generated oxygen for 
their metabolism (Madigan et a l,  2003); and therefore, are identified as oxygenic-
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photosynthetic prokaryotes. Figure 2.1 shows the possible phylogenetic relationships o f 
photosynthetic prokaryotes including, sulfur bacteria, purple bacteria and cyanobacteria.
The grouping of cyanobacteria with algae has been based largely on the fact that all these 
organisms possess essentially common photosynthetic structures and meehanisms 
(Zablen et al, 1975, Bonen and Doolittle, 1975, Schwarz and Kossel, 1980, Seo and 
Yokota, 2003, Perry, 2002). These similarities are explained by the endosymbiotic 
theory for the origin o f chloroplasts (Carr and Whitton, 1982). Current findings suggest 
that the chloroplast photosynthetic system originated from cyanobacteria and it is the 
only group of algae to which cyanobacteria is related (Zablen et al, 1975, Bonen and 
Doolittle, 1975, Schwarz and Kossel, 1980, Seo and Yokota, 2003, Perry, 2002). The 
endosymbiotic theory concerns the origins o f mitochondria and plastids (e.g. 
chloroplasts), which are organelles o f eukaryotic cells. According to this theory, these 
organelles originated as separate prokaryotic organisms, which were taken inside the cell 
as endosymbionts, and mitochondria developed from proteobacteria and chloroplasts 
from cyanobacteria.
10
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Sulfur
Bacteria
Purple
Bacteria
Gram
Positive
Splro-
c h ae tes
ArctiaebacteriaAncestral
Eubacteria
Eucaryotes
Common
A ncestral
Figure 2.1 - Major lineage o f prokaryotic cells descent (modified from Fox et all, 1980)
2.2- Cyanobacteria Toxins
Cyanobacterial blooms frequently occur as a result o f eutrophication of lakes, rivers 
and reservoirs. Eutrophication occurs because o f the discharge o f nutrients, particularly 
phosphorus and nitrogen into water bodies (Hotto et ah, 2005). Cyanobacterial blooms 
have occurred as both mixed and single blooms of Microcystis aeruginosa, 
Aphanizomenon flos-aquae, Anabaena circinalis and Anabaena flos-aquae (Chorus, 
2001). In addition, they may variously be non-toxic or produce several toxin variants 
(Rapala et a/., 1997)
Different species o f cyanobacteria produce diverse types o f toxins. The most common 
toxins are classified into three major groups based on their chemical structure: a) 
hepatotoxins (cyclic peptides), b) neurotoxins (alkaloids), c) and endotoxins 
(lipopolysaccharides) (Sivonen and Jones, 1999; NRA, 1990; Ressom, et al., 1994;
1 1
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Carmichael, 1991; AWWA, 1995; Chorus, 2001; Sivonen and Jones, 1999; Carmichael, 
1992; Ressom, et a l ,  1994). Approximately 41 species have been isolated and they 
present different modes o f action on human and animals. Table 2.1 shows the most 
acutely toxic cyanobacterial strains produced during algal blooms, their toxins, and their 
target organs.
and Jones. 19991
Toxin group Target Organ Cyanobacteria genera
Cyclic Peptides:
Microcystins Liver Microcystis, Anabaena, Oscillatoria,
N ostoc
Nodularin Liver Nodularia
Alkaloids:
Anatoxin-a Nerve synapse Anabaena, Oscillatoria, Aphanizomenon
Anatoxin-a (S) Nerve synapse Anabaena
Aplysiatoxins Skin Lyngbya, Oscillatoria, Schizothrix
Cylindrospermopsins Liver Cylindrospermopsins, Aphanizomenon,
Umezakia
Lyngbyatoxin-a Skin, gastrointestinal tract Lyngbya
Saxitoxins Nerve axons Anabaena, Aphanizomenon, Lyngbya,
Cylindrospermopsis
Lipopolysaccharides Skin, gastrointestinal tract, All
(LPS) respiratory system
2.2.1- Hepatotoxins
The hepatotoxins microcystins and nodularins, are liver-specific toxins whose exact 
mechanisms of action remain unclear (NRA, 1990). Those toxins damage the liver by 
unbalancing the cytoskeletal structure (protein filament) of the liver cells (hepatocytes), 
causing death by liver hemorrhage within few hours, and promoting tumors (Ressom et
12
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al., 1994; Carmichael, 1992; Sivonen and Jones, 1999). The cytoskeleton supports the 
cell structure and plays a fundamental role in cell division (NRA, 1990).
2.2.1.1- The Liver -  Morphologic and Physiologic Considerations
Williams et al. (2000) and Zimmerman (1978) listed two major factors make the liver 
highly susceptible to attack of a toxicant (Williams et al., 2000; Zimmerman, 1978). 
First, the liver maintains a unique position in the circulatory system. This unique position 
aids the liver in its normal functions, including carbohydrate storage and metabolism, 
metabolism of endogenous wastes and foreign chemicals, synthesis o f blood proteins, 
urea formation, metabolism of fats, and bile formation (Williams et al., 2000). The liver 
filters the blood coming from the gastrointestinal tract before it is pumped through the 
lungs and into the general circulation. Being the first organ to encounter a toxicant 
absorbed from the gastrointestinal tract, the liver is often exposed to toxicants at their 
highest concentrations. In addition, any chemical reaching the general circulation is 
subject to extraction and metabolism by the liver.
Secondly, the liver is the primary organ for biotransformation of chemicals within the 
body (Williams et al., 2000). In the biotransformation process, the liver acts as a 
detoxification organ, lowering the biological activity and the concentration of toxicants in 
the blood stream. Also, as the site o f biotransformation, the liver can produce toxic 
reactive chemicals, which may damage the cells o f the liver (Williams et al., 2000).
13
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The liver is the largest organ in the body and performs a large number o f tasks that 
impact all body systems (Williams et al., 2000; SGNA, 1998). The liver has been 
considered the most susceptible organ to chemical attack and the mechanisms o f its 
toxicity are numerous and varied (Williams et al., 2000; Zimmerman, 1978). The liver 
receives nearly 30 % of the resting cardiac output and at any given time houses 10 -  15 % 
of total blood volume (Williams et al., 2000).
A classical anatomy o f the liver was proposed by Rappaport (1979). The liver is 
composed o f several cell types, the most dominant being hepatocytes and Kuppfer cells. 
In cross sections, the liver is divided into three zones: Zone 1, Zone 2, and Zone 3 (Figure 
2.2), based on differing morphology and enzymatic content o f the cells in the zones 
(Williams et al., 2003). Zone 3 is the primary target for hepatotoxins. It is the site of 
biotransformation for many chemicals and drugs; hence, its cells are responsible for the 
detoxification process. Figure 2.2 shows on the right a schematic drawing of the liver 
shape with its hepatic veins and artery, portal veins, and bile ducts. On the left, a 
horizontal cross section o f the liver showing zones 1, 2, and 3 is depicted.
Microcystins, the subject o f this research, are the most frequent cyanotoxins found in 
blooms, and consequently, they are involved in most of the acute intoxication occurred 
worldwide (Ressom et al., 1994; NRA, 1990; Goodman et al, 1999; Chorus, 2003). The 
cyclic peptide hepatotoxins are produced by many cyanobacterial genera, including 
Microcystis, Anabaena, Nodularia, Oscillatoria and Nostoc. (Carmichael, 1992; 
Wiegand and Pflugmacher, 2005; Sivonen and Jones, 1999).
14
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Figure 2.2 -Organization of the Liver Lobules (modified from Williams et al, 2000)
Microcystins are composed o f seven amino acids (Figure 2.3), including D-amino 
acids and two unusual amino acids, the N-methyIdehydroalanine (Mdha) and 
hydrophobic b-amino acid, 3-amino-9-methoxy-2-6, 8 -trimethyl-lO-phenyldeca-4.6 - 
dienoic acid (Adda -  amino decadienoic acid) (Botes et al., 1984; Botes et al., 1985; 
Carmichael, 1992; Sivonen and Jones, 1999; Ressom, et al., 1994; and Cox et al, 2005). 
Structurally, Adda plays a very important role in biological activity. The removal of the 
component Adda from the peptide cycle, makes the two unusual amino acids non-toxic 
(Carmichael, 1992). The majority o f microcystins have a LD50 i.p. (i.e. intraperitioneal 
injection) mouse o f 60-70 pg/kg. Microcystin-LR is the most toxic microcystin, with an 
LD50 value of 50 pg/kg (Acero et al., 2005). Microcystin-RR, exceptionally, has a LD50 
i.p. mouse of about 200-250 pg/Kg (Carmichael, 1992). The variant microcystin-LR 
possesses the amino acids leucine (L) and arginine (R) in its chemical structure, whereas 
the variant microcystin-RR possesses two arginines (RR).
15
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Figure 2.3 -Structure o f microcystin-LR (modified from Ressom et al., 1994)
Microcystin-LR (Figure 2.3) seems to be the most common variant, and can be 
produced by strain o f Anabaena flos-aquae (Sawyer et al, 1967), and several strains of 
Microcystis aeruginosa (Botes et al., 1985, Bourne et al., 1996; Rinehart et al., 1994; 
Eriksson et al., 1990; Theisis et al, 1998).
Microcystins represent potent inhibitors of protein phosphatase 1 and 2A (PPl and 
PP2A) (Erikssom et al., 1990, Goldberg et al., 1995, Lahti et al., 1997). Such inhibition 
can cause cell rupture, hemorrhaging, and tumor in the human liver (Wiegand and 
Pflugmacher, 2005; Cohen and Cohen, 1989; Carmichael, 1992; and Bourne et al., 1996). 
Protein phosphatases play a central role in different cellular processes, such as protein 
synthesis and cell reproduction, due to their ability to reverse the action o f protein kinases 
(Goldberg et al., 1995; Cohen and Cohen, 1989). Tumor promotion can be stimulated by
16
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increasing the phosphorylation o f proteins that induces the hepatocyte deformation and 
the phosphatase inhibition activity (Cohen and Cohen, 1989; Eriksson, 1990).
Phosphatase inhibition occurs because o f a property o f the inhibited enzyme called 
allostery (Madigan et al., 2003; Brock and Madigan, 1991). An allosteric enzyme 
possesses two important binding sites, the active site where the substrate binds, and the 
allosteric site, where the inhibitor binds. When the inhibitor binds noncovalently at the 
allosteric site, the conformation of the enzyme molecule changes so that the substrate no 
longer binds efficiently at the active site and no enzymatic reactions take place (Madigan 
et al., 2003) (Figure 2.4).
Allosteric site Enzyme
Inhibitor
Conformational change 
in substrate binding 
site; enzym e reaction 
inhibited
S u b s tra te  
C an n o t b in d
No e n zy m e  
re ac tio n
Substrate 
binding site
Substrate
Enzyme reaction 
proceeds
Figure 2.4 -  Mechanism of enzyme inhibition (modified from Madigan et al. 2003)
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Nodularin was structurally isolated from the filamentous eyanobacterium Nodularia 
spumigena (Carmichael, 1992). It is a cyclie pentapeptide hepatotoxin whose structure is 
very similar to that o f microcystins: Adda (C20 amino acid, 3-amino-9-methoxy-2,6,8- 
trimethyl-10-phenyl-4-6-decadienoic acid), dehydroamino acid N-
methyldehydrobutyrine, two D-amino acids, D-glutamic and D-erythro-B-methylaspartic 
acids and L-arginine (Rinehart, 1994) (Figure 2.5). Nodularins have a LD 50 i.p. mouse of 
60 pg/Kg, which is considered very similar to that of microcystins (Ressom et a i,  1994).
Like microcystins, nodularins are inhibitors of hepatocyte protein phosphatases type 1 
and 2A, and potent liver tumor promoters (Carmichael, 1992; Wiegand and Pflugmacher, 
2005; Ressom et a l ,  1994).
COOH
Figure 2.5- Structure o f nodularin (modified from Ressom et al., 1994)
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2.2.2- Neurotoxins
Neurotoxins are a group o f heterocyclic nitrogenous compounds, alkaloids, produced 
by strains of the genera Anabaena, Aphanizomenon, Oscilatoria, and Trichodesmium 
(Ressom et a l,  1994; Carmichael, 1992; Sivonen and Jones, 1999). They can cause 
illness associated to the neurological system, such as neuronal depolarization, and bloek 
neuronal ion channels (Ressom et a l ,  1994). Chronic ingestion o f neurotoxins leads to 
death, within few minutes or few hours, by paralyzing the respiratory muscles.
The saxitoxins are called paralytic shellfish poisons or red tide paralytic shellfish 
poisoning (PSP) because of their bioaccumulation in seafood. They are primarily 
produced by marine deflagellate planktons species; however, their name originated from 
species and strains o f Saxidomus giganteus (Wiegand and Pflugmacher, 2005).
Chemically, saxotoxins (Figure 2.6) are categorized as tricyclic compounds whose 
molecular skeleton is structurally associated with two guanidine groups (Wiegand and 
Pflugmacher, 2005). They are the most rapidly acting o f the alkaloid toxins that block 
the neuronal transmission through the inhibition of nerve cells conduction (Carmichael, 
1992; Wiegand and Pflugmacher, 2005). When the neuronal transmission channel 
openings are blocked, the flux of sodium is interrupted, causing the paralyzation of 
pulmonar museles, and death by respiratory arrest in humans and animals (Strichartz et 
al., 1986). Their LD50 i.p. mouse is around 10 pg/Kg.
19
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Figure 2 .6 - Structure o f saxitoxin (modified from Ressom et ah, 1994)
Three anatoxins have been identified and classified based on their chemical structure: 
anatoxin-a and homoanatoxin-a are termed as alkaloids, while anatoxin-a(s) is named as a 
phosphate ester with a cyclic N-hydroxyguanidine structure (Wiegand and Pflugmacher, 
2005; Sivonen and Jones, 1999).
Anatoxin-a was first identified and isolated from eyanobacterium species of 
Anabaena flos-aquae (Delvin et al., 1976). However, it has also been found in 
cyanobacterial strains o f Anabaena circinalis, Aphanizomenon sp, Cylindrospermum sp., 
Planktothrix sp. and M. aeruginosa (Wiegand and Pflugmacher, 2005). Anatoxin-a is 
chemically defined as a secondary amine, 2-acetyl-9-azabicyclo [4.2.1] non-2-ene and 
presents a molecular weight o f 165 (Figure 2.7) (Carmichael, 1992; Delvin et al., 1976). 
The highest LD50 i.p. mouse detected in those toxins ranges from 200 to 250 pg/kg 
(Sivonen and Jones, 1999).
Compared with other neurotoxins, anatoxin-a has small molecular weight and, hence, 
it can be quickly absorbed if  taken orally (Delvin et al., 1976 and Ressom et al. 1994). 
This alkaloid acts as a post-synaptic depolarizing neuromuscular blocking agent. The 
neuromuscular blockage lasts very long and its irreversibility makes artificial respiration
20
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inefficient (Ressom et a l ,  1994). The respiratory museles are directly affected, leading 
to convulsions associated with the interruption o f oxygen supply to the brain. The toxin 
activity keeps the sodium channels opened, and an excessive loading of sodium ions 
stresses the muscle cells o f the lung (Adelman et ah, 1982, Wiegand and Pflugmacher, 
2005). Death occurs within a few minutes or a few hours, depending upon species and 
dosage.
Anatoxin-a(s) (Figure 2.8) was primarily isolated from Anabaena flos-aquae and A. 
lemmermannii (Charmichael, 1992; Wiegand and Pflugmacher, 2005). It is structurally 
defined as .an unusual N-hydroxyguanidine methyl phosphate ester whose molecular 
weight is about 252 (Sivonen and Jones, 1999; Carmichael, 1992; Ressom et al., 1994). 
The LDso i.p. mouse o f anatoxin-a(s) is 20 pg/kg and the survival time for mice, at this 
lethal dose leve,l varies between 10 and 30 minutes.
Homoanatoxin-a presents a structure very similar to anatoxin-a and was named 
methylele-anatoxin-a (Figure 2.7) (Skulberg et a l,  1992). Its lethal dosage for mice 
range from 288 to 578 pg/kg. This toxin is produced by strains o f Oscillatoria rubescens. 
The potent neuromuscular blocking activity of homoanatoxin-a leads to body paralysis, 
convulsions and death associated to respiratory insufficiency (Skulberg et al., 1992).
21
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Figure 2.7- Structure o f anatoxin-a (right) and homoanatoxin (left) (modified from 
Ressom et a l,  1994)
NH
CH:
Figure 2.8 -  Structure o f anatoxin-a (s) (modified from Ressom et al., 1994)
Cylindrospermopsin is identified as a cytotoxic alkaloid produced by different 
cyanobacterial strains, such as Cylindrospermopsin raciborski, Umezakia natans,
22
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Aphanizomenon ovaliporum, and Anabaena bergii (Falconer et al, 1999 and Wiegand 
and Pflugmacher, 2005).
Structurally, the alkaloid Cylindrospermopsin presents a cyclic guanidine with 
molecular weight equivalent to 415 (Figure 2.9) (Sivonen and Jones, 1999). The health 
effects regarding cylindrospermopsin toxin exposure are unclear and its toxicity to mice, 
through intraperitoneal via, ranges from 50 to 110 mg/Kg within 24 hours (Falconer, et 
al, 1999). Incidents involving cylindrospermopsin poisoning indicate that this alkaloid is 
a potent hepatotoxin and protein synthesis inhibitor (Froscio et a l ,  2003; Falconer et a l, 
1999). The liver damage is due to increasing granulation and vacuolation o f the 
cytoplasm. Besides the liver, other organs, such as the kidney, heart and thymus have 
been affected by cylindrospermopsin (Falconer et a l,  1999).
CH
NH
M o
OH
Figure 2.9- Structure o f cylindrospermopsin (non-specific toxin) (modified from Ressom 
et a l,  1994)
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2.2.3- Lipopolysaccharides
Gram-negative bacteria, including cyanobacteria, produce lipopolysaccharides as one 
the major components o f their outer layer cell wall. The chemical composition of 
lipopolisaccharides varies according to different combinations o f sugars and fatty acids 
(Lipid A) (NRA, 1990; Martin et al., 1989; Wiegand and Pflumacher, 2005). Sivonen 
and Jones (1999) reported that the lipid component o f the lipopolysaccharides is 
responsible for a variety of heath effects in humans, from skin rashes to gastrointestinal, 
respiratory and allergic reactions.
2.3- Factors affecting toxin production
The factors that indicate whether or not a cyanobacterial bloom is toxic, and 
identification of toxic and non-toxic cyanobacterial strains are not completely understood 
(Sivonen and Jones, 1999; Rapala, 1993; Sivonen, 1990; Ressom et al., 1994; Rapala et 
a l, 1997). Toxigenic and non-toxigenic strains are present in the wide range of 
cyanobacteria species and appear in the same bloom, making even harder the 
determination o f the toxic strain.
The environmental factors, which affect the production of toxin, include temperature, 
pH, culture age, light, nutrients and salinity (AWWA, 1995; Sivonen and Jones, 1999; 
Sivonen, 1990; Lehtimaeki, 1994 and 1997; Watanabe and Oishi, 1985). Even though, to 
date, there is no clear understanding o f the factors that influence toxin production, there is
24
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a common sense about the relationship between factors that affect growth and toxin 
production (AWWA, 1995). The toxin production decreases when the growth ceases.
The influence of light over growth and toxin production differs among the species. 
Rapala et al. (1993) and Sivoven (1990) reported that neurotoxin production by 
Aphanizomenon flos-aquae increases at high light intensities. In contrast, hepatotoxins 
produced by Oscillatoria argadhii was higher at lower light intensities. The effect of 
light on hepatotoxin by Microcystis aeruginosa is very controversial. Reduction in toxin 
generation at high and low intensities was mentioned by Van der Westhuizen and Eloff 
(1983); however, Watanabe and Oishi (1985) reported high toxin production at higher 
intensities. Even though toxins levels are affected by light, further investigations are 
necessary to explain its influence (NRA, 1990).
The optimum temperature and pH for toxin production also varies significantly 
among microorganisms. Toxin levels are higher at temperatures between 18°C and 25“C. 
At lower or very high temperatures, the toxin levels tend to decrease (Sivonen and Jones, 
1999). For instance, Lehtimaeki et al. (1994) studied the toxin production of Nodularia 
spumigena and verified that toxin content increased at temperature around 20°C and 
decreased at 30°C. The effect o f pH on toxin production differs between extremes: 
higher toxin production was found at both low and high pH (Van der Westhuizen and 
Eloff, 1985).
Nutrient requirements differ widely among cyanobacteria strains. Hepatotoxic 
bacteria produce more toxins at high concentrations of phosphorus; in contrast, 
phosphorus has no or slight effect on anatoxin-a production (Lehtimaeki et al, 1994). A 
positive correlation between phosphorus and microcystin-LR, and -RR concentration has
25
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been reported (Kotak et ah, 1995; Lathi et ah, 1997; Rapala et a /.,1997). Nitrogen affects 
directly the toxin production o f non-nitrogen-fixing bacteria, such as Microcystis and 
Oscillatoria. The higher the nitrogen concentration available in the aquatic environment, 
the higher the toxin production (Sivonen and Jones, 1999). In contrast, Rapala et al. 
(1993, 1997) and Lehtimaeki et al. (1997) found that the toxin production of nitrogen- 
fixing species is not influenced by nitrogen content.
Some trace metals function as nutrients for microorganisms, but they can be very 
toxic at high concentrations. Trace metals such as iron and zinc may play an important 
role in the toxin production. Lukak and Aegerter (1993) found that zinc is required for 
growth and toxin production. Similarly, studies on the effects o f iron on toxin production 
concluded that iron present a positive relationship with toxin production by M. 
aeruginosa (Lukak and Aegerter, 1993, 1996; Utkilen and Gjolme, 1995).
Studies regarding toxin’s production are in their early phase and very little is known 
about the genetic process and biochemical pathways. In addition, genes and enzymes 
related to cyanotoxins’ generation are not yet well understood (Ressom et al., 1994; 
Sivonen and Jones, 1999; Sivonen, 1996). A number o f cyanobacteria species contain 
plasmids and it has been assumed that these DNA circular structures may possess the 
genes of the toxin (Schwabe, 1988; Bolch et al, 1997; Bose and Carmichael, 1990; 
Hauman, 1981).
Since early 1980s, plasmids are eonsidered to be assoeiated to toxin production in 
specific strains o f cyanobacteria (Hauman, 1981; Bose and Carmichael, 1990; Sivonen 
and Jones, 1999; Ressom, et al., 1994; Sivonen, 1996; and Wallace et al., 2002).
26
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However, to date, there is no clear understanding of the direct or indirect contribution of 
plasmid to toxin production.
2.4- Biodégradation o f Cyanobaterial Toxins
The degradation o f cyanobacterial toxins, microcystins, has been proven in field 
(Jones and Orr, 1994) and laboratory studies (Kenefick et a l ,  1993, Watanabe et al., 
1992, Jones et al., 1994; Berg et al., 1987; Cousins et al., 1996; Holst et ah, 2003; Jones 
and Negri, 1997; Lahti et al., 1997; Edwards and Grbic-Galic, 1992; Saito et al., 2003; 
Chistoffersen et al., 2002; Nicholson et al., 1994; Tsuji et al., 1997; Bruchet et al., 1998; 
Hart et a i, 1998; Lawton and Robertson, 1999, Acero et al., 2005; Takenaka and 
Watanabe, 1997; Rapala et ah, 1994; Bourne et al., 1996; Bourne et al., 2001). From the 
published literature to date, the following is known about the biodégradation o f 
microcystins: The persistence of microcystins in waters has been highly associated with 
the lag phase o f the degrading-bacteria growth, chemical structure o f the toxins, and 
alkalinity and temperature o f the waters. The presence o f additional carbon source 
impacts the removal o f microcystin in water and in sediments differently. Indigenous 
flagellates can use microcystin as potent growth stimulus (Fedorak and Huck, 1988; 
Kenefick et al., 1993; Watanabe et al., 1992; Jones et al, 1994; Berg et al, 1987). The 
biochemical pathway o f microcystins degradation has not been conclusively delineated.
Microcystins are chemically stable in natural waters, persisting at high levels during 
the lag phase o f bacterial growth and at low detectable levels, even after many days or 
few months (Jones and Orr, 1994; Jones et al., 1994). Two phases o f microcystin
27
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degradation have been reported following the lag phase of bacterial growth. Rapid and 
slow phases have been reported (Jones and Orr, 1994; Jones et al., 1994). No 
degradation occurred during the lag phase. The rapid phase started right after the lag 
period, and the slow degradation phase occurred subsequently. It is thought, that these 
bi-phasic biodégradation kinetics are due to at least two distinct bacteria strains, which 
may metabolize the toxin differently at high and low concentrations (Jones and Orr 
1994). The lag phase is asserted to be due to the repression o f synthesis of 
microcystinase by substrates easier to metabolize (Jones et al., 1994). Conversely, 
immediate degradation without lag phase was observed in water samples where 
microcystin had been added previously and its degradation had already occurred (Saito et 
al., 2003; Jones et al., 1994). These results support the hypothesis that microcystin can 
be quickly degraded in natural waters where the contact or exposure with cyanobacterial 
toxins is frequent (Jones and Orr, 1994, Chistoffersen et al., 2002; Jones et a l,  1994).
The high stability and persistence of cyanobacterial toxins in aquatic environments as 
well as in drinking water facilities after physico-chemical treatment may also be related 
to alkalinity. In general, eutrophic waters have alkaline pH due to photosynthesis process 
carried out by algae during the summer (Saito et al., 2003) also high chlorine dosages in 
the conventional treatment leads to increasing pH levels in the water (Nicholson et al., 
1994; Tsuji et al., 1997; Bruchet et al., 1998; Hart et al., 1998; Lawton and Robertson, 
1999, Acero et al., 2005). Saito et al. (2003) characterized the degradation process of 
cyanotoxins by Sphyngomonas stypia under several pH conditions and determined low 
biodégradation activity with alkaline pH. It was hypothesized that alkalinity may
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function as a repressor in the enzymatic pathway of cyanotoxins degradation (Saito et al.,
2003).
The biodégradation rates of microcystins vary significantly with their chemical 
structure. Watanabe et al. (1992) and Cousins et al. (1996) observed different 
biodégradation rates between two distinct cyanobacterial toxin compositions: 
microcystin-YR, and -LR. Approximately 60% of microcystin-YR was removed, 
whereas 8 6 % of microcystin-LR concentration was reduced (Watanabe et al., 1992). 
Such a considerable difference in the degradation rate was postulated by Watanabe et al. 
(1992) as a structural difference between the cyanotoxins in which the replacement of 
tyrosine in YR by leucine in LR conferred to the microcystin-LR a quicker 
biodégradation rate than that o f microcystin-YR.
The impacts of additional carbon sources (Christoffersen et al., 2002; Ishii et a l,
2004), and temperature (Cousin et al. 1996; Takenaka and Watanabe, 1997; Jones and 
Negri, 1997) on the biodégradation o f microcystins have been documented. 
Christoffersen et al. (2002) tested the removal o f microcystin and other organic 
compounds during biodégradation. They verified that the degradation of both 
microcystin and dissolved organic carbon started immediately after the addition of 
organic lysates (i.e. toxic natural algal material). The degradation of microcystin was 
proportional to that o f dissolved organic matter added, suggesting that their degradation 
process is correlated. In contrast, the addition of glucose and/or NH4CI decreased the 
degradation rates o f nodularin (Ishii et a l,  2004). It was hypothesized that glucose and 
other organic compounds may act as catabolite repressors inhibiting the degradation of 
microcystins in natural water (Jones et a l,  1994). The influence o f temperature on the
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biodégradation of cyanotoxins has been reported in several studies. The highest and 
fastest degradation rates occurred at higher temperatures: 30°C (Cousin et al. 1996), 40°C 
(Takenaka and Watanabe, 1997) and 90°C (Jones and Negri, 1997).
Indigenous flagellates Monas sp and Poteriochromonas sp, Chrysophyceae species, 
react to microcystins in growth response and toxin degradation ability (Ou et a l, 2005 
and Saito et a l ,  2003). Simultaneous biodégradation o f microcystin and Microcystis 
cells by Monas sp at a biological treatment facility in Japan was demonstrated by Saito et 
al. (2003). The authors favorably considered that the removal of microcystins correspond 
to that o f Microcystis cells (intracellular toxin) rather than extracellular toxins. A 
positive correlation between the number of Monas sp and Microcystis cells was observed. 
The growth o f Poteriochromonas sp was distinctly enhanced in the presence of 
microcystins-LR and -RR, indicating that toxins serve as growth stimuli for this 
flagellate. The levels o f microcystins-LR and -RR decreased proportionally to the 
increasing growth rate of Poteriochromonas sp (Ou et al., 2005).
Cyanobacterial toxins can be successfully biodegraded in sediments. Most of the 
studies on biodégradation o f cyanobacterial toxins have been focused on the process 
under aerobic conditions (Fedorak and Huck, 1988; Kenefick et al., 1993; Watanabe et 
a l,  1992; Jones et al, 1994; Berg et al, 1987; Cousins et al, 1996; Jones and Negri, 1997; 
Boume et a l ,  2001 ; Holst et a l ,  2003). Pseudonomas aeruginosa and Sphingomonas sp. 
are some o f the few bacterial strains capable o f degrading microcystin in natural water, a 
strictly aerobic environment (Boume et al. 1996; Takenaka and Watanabe, 1997; Ishii et 
a l,  2004; S ai tou et a l ,  2003; Saito et a l,  2003). However, recent studies have proved 
that microcystin-degrading strains have been found in sediments at oxic and anoxic
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conditions (Holst et al., 2003). Anoxie inoculations with sediments enable 46 % of 
microcystin removal after 23 or 20 days (Holst et al., 2003). After nitrate and glucose 
addition, microbial degradation enhanced significantly, reducing 90 % of the microcystin 
concentration within 3 days. This result suggests that the presence o f an electron acceptor 
(nitrate) and carbon source (glucose) at anoxic conditions accelerates and stimulates the 
removal o f microcystins under anaerobic conditions. Rapala et al. (1994) reported a poor 
biodégradation o f neurotoxins and microcystins in sediments from humic natural waters.
2.5- Potential Pathway o f Microcystin Biodégradation
Enzymatic and hydrolytic activities involving microcystin degradation are still 
unclear (Jones et al., 1994; Ishii et al., 2004; Saitou et al., 2003). An alternative 
degradation pathway is related to the straightening o f the peptide ring, making it then 
easily metabolized by microcystinase or peptidases (Cousins et al., 1996; Boume et al., 
1996). This hypothesis corroborates the explanation for the lag phase followed by the 
rapid degradation phase. As soon as the peptide ring is opened, the rapid degradation 
starts immediately and the lag phase corresponds to the period in which the peptide ring 
still remains supercoiled or intact.
Enzymatic studies have demonstrated that the amount of toxin removed is directly 
proportional to the amount o f enzymes involved in the process, and that the enzymes that 
mediate microcystin degradation are also involved in regular microbial growth and 
metabolism (Boume et al., 1996).
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Among distinct bacteria strains isolated from hypertrophic and eutrophic lakes in 
Japan and Australia, only one member o f the genus Sphingomonas was capable of 
degrading microcystins (Park et al., 2001; Boume et al. 2001; Saito et al., 2003). 
Moreover, a new gene cluster involved in the degradation o f the toxin microcystin-LR 
was identified in Australia (Boume et al. 2001). This new cluster is composed of at least 
four genes, MlrA, MlrB, MlrC  and MlrD, isolated from Sphingomonas sp and mediates 
an enzymatic degradation pathway o f microcystin-LR. Each gene encodes an enzyme, 
which plays specific role throughout the novel pathway, totalizing four intracellular 
hydrolytic enzymes involved in the process (Figure 2.10). The degradative pathway starts 
with the action o f MlrA or microcystinase at the Adda peptide ring and straightens the 
cyclic stmcture. The enzymes MlrB and MlrC break down the linearized ring into small 
peptides and amino acids. Finally, MlrD mediates the uptake and transport of catalytic 
products generated by enzymes MlrB and MlrC (Boume et al., 2001).
Regarding the phylogenetic analysis of the microcystin-degrading gene {MlrA) 
detected in Sphingonomas sp, different results have been presented. The gene MlrA 
possesses a very diverse sequence, and no homologous genes had been identified in the 
DNA sequence analysis until one o f the most recent investigations on this subject (Saito 
et al., 2003). In this study, a gene homologous to MlrA was identified and its similarity 
with the gene isolated in Sphingomonas sp surprisingly exceeded 98%. However, they 
discovered that this homologous gene clustered with at least three more different bacterial 
species, besides clustering with the genus Sphingomonas, concluding that the gene MlrA 
is not exclusive o f the Sphingomonas strain.
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Enzyme 1 : 
Microcystinase
3  MM
^  Putative metaiiopeptidase 
Linearised MIcrocystIn-LR
Enzyme 2
MlrB
Putative serine peptidase 
Tetra-peptide: NH2-Adda-isoGlu-Ala-OH 
MlrC
Enzyme 3
Putative metaiiopeptidase
Undefined sm aller peptides and am ino acids 
MlrD
Enzyme 4
Putative oligopeptide transporter 
Uptake of m icrocystin into th e  cell
Figure 2.10- Novel pathway for degradation of microcystin-LR (modified from Boume et 
a l,  2 0 0 1 )
2.6- Treatment Processes for the Removal of Cyanobaeterial Toxins
2.6.1- Biologically Active Filters
In drinking water treatment, biologieally aetive filters or biofilters are mono or multi- 
porous media filters designed to remove suspended partieles and natural organie matter 
(NOM). The heterotrophic baeteria attached to the filter media as biofilm are responsible 
for the removal o f  soluble biodegradable organic matter from waters by converting it into 
earbon dioxide and more biomass. As a result, biologically stable waters are produced 
and the risk o f baeterial growth during distribution is considerably minimized.
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Filters in the drinking water industry are classified as either slow sand filters (SSF) or 
rapid sand filters (RSF). The biological activity in slow sand filter is favored by low 
flowrates that allow the development of biofilm (Ellis 1985; Brink and Parks, 1999; 
Svreek and Smith, 2004). The typical flowrate for slow sand filters ranges commonly 
from 0.08 to 0.21 m/h (Ellis, 1985) as compared to 2.5 to 5 m/h for rapid sand filters 
(ASCE and AWWA, 1990). The proven biological activity on slow sand filter surfaces 
coupled with the effective biodegration of cyanobacterial toxins in field and laboratory 
experiments (Jones and Orr 1994; Jones et al. 1994; Rapala et al., 1994; Lam et al., 1995; 
Park et al., 2001; Christoffersen et al., 2002), are concrete indications that cyanobacterial 
toxins may be degraded by biological filters.
Slow sand filters were designed in 1804 to produee drinking water (Ellis, 1985; 
Logsdon, 1991; Brink and Parks, 1999; Gruetzmaeher et al., 2003). Approximately fifty 
years after their development, slow sand filters became very popular in Europe and in 
some areas in the U.S. (Ellis, 1985). However, in the U.S. their popularity deereased 
significantly because slow sand filters get clogged very quickly when treating surface 
waters with high suspended solids concentration. This fact leads to the development of 
rapid sand filters (Ellis, 1985; Brinks and Parks, 1999). Because of this shift o f interest, 
many water facilities in the U.S. that had originally used slow sand filters replaced them 
with rapid sand filters (Logsdon, 1991). A survey conducted in the middle 1980s 
identified less than 50 operating slow sand filtration plants in the U. S. (Crittenden et al.,
2005)
Currently, rapid filtration has largely replaeed slow sand filtration. It is the prevalent 
design used in the U.S. drinking water industry (ASCE and AWWA, 1990; Crittenden, et
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ah, 2005). Besides operating at rates up to 1000 times greater than slow sand filters, 
rapid sand filters have been considered a potential process at drinking water facilities for 
the removal of disinfeetion by-products (BPP) (Huck et al., 1997). Following the 
approval by the US Environmental Protection Agency legislation to reduce Disinfection 
By-Products such as THMs (trihalomethanes) in potable water (EPA, 1998), the removal 
o f natural organic matter, which is correlated to the generation o f DBP, become the main 
criteria to meet the Disinfection By-Products standards (Goel et al. 1995; Hozalski and 
Bouwer, 1998; Hozalski et al., 1995; Huck et al. 1997). In order to achieve total organic 
carbon (TOC) removal, including the readily biodegradable fraction generated in plants 
where ozonation is applied, and to reduce the potential risk o f microbial regrowth in 
distribution system, biologieally active sand filters have been incorporated to the drinking 
water treatment process. Biofiltration for natural organic matter (NOM) removal has 
been studied extensively in the U.S. and Canada (Hozalski et al., 1995, 1999; Goel et al., 
1995; Carlson and Amy, 1998; Gagnon et al. 1997; Graham 1999; Krasner et al., 1993).
Conversely, to date, the removal of cyanobaeterial toxins has only been tested in slow 
sand filters. Variable removals o f cyanobacterial toxins by slow sand filtration have been 
reported in bench (Keijola et al., 1988; Ho et al., 2006) and full-scale studies 
(Gruetzmaeher et al., 2002; Hoeger et al., 2001). Significant removals o f microeystin 
(6 8 %), and neurotoxin (8 6 %), and poor removal o f hepatotoxins o f Oscillatoria (29%) 
were reported by Keijola et al. (1988). These authors considered the method unreliable 
because the bacterial strains that compose the biolfim are variable and may affect the 
performance of the biofilters. Ho et al., (2006) obtained 100% removal of microcystin- 
LR and -  LA in biological filters with empty bed contact time (EBCT) o f 7.5 - 30
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minutes. Given that from the published literature to date, there are no data referring to 
the biological degradation o f microcystins under rapid sand filtration eonditions and that 
rapid sand filters are prevalent in the U.S., this research will focus on the removal of 
microcystin-LR by rapid and slow sand filters.
Elimination rates o f extracellular and intracellular microcystins (i.e. located within 
bacterial cells) in full-seale experiment in Germany were evaluated by Gruetzmaeher et 
al. (2003). Although both extra- and intracellular toxin removals were substantial, 
intracellular toxin removal was superior and reached 99%. The explanation for that fact 
is twofold. First, the dissolved toxin is not trapped by the biofilm and passes directly 
through the filter bed. Second, certain amount of microcystin can be released from cells 
that lyse during the filtration process. The concrete possibility o f toxin release inside the 
filter was also mentioned by Hoeger et al. (2001). The processes o f cell retention in 
filters, its extension and the consequent toxin release are still not completely understood 
(Gruetzmaeher et al. 2003).
Several studies on cyanotoxin degradation have found that there exists a lag phase of 
the degrading-bacteria growth associated to the biodégradation, and no toxin removal 
occurs during this period (Jones and Orr, 1994; Jones et al., 1994; Chistoffersen et al., 
2002; Saito et al., 2003). However, it has been demonstrated that the previous contact o f 
biofilm with microcystin can directly affect the biodégradation efficiency by decreasing 
the lag phase and achieving higher elimination rates (Gruetzmaeher et al., 2003; Ho et 
al., 2005). This effect couples with the results presented by Jones and Orr (1994), Jones 
et al. (1994), Christoffersen et al. (2002) and Saito et al., 2003 that observed no lag phase 
in the tests using water with previous contact with cyanotoxins. These authors showed
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immediate degradation of microeystin without lag phase in water samples where the toxin 
had been spiked previously and its degradation had already occurred.
2.6.2- Coagulation/Filtration for Cyanobacterial Toxin Removal
Conventional water treatment combining physicochemical processes and filtration has 
been reported to be both effective (Svreek and Smith 2004; Hoeger et al. 2004) and 
ineffective (Hoffman 1976; Keijola et al., 1988; Himberg et al., 1989; Bruchet et al., 
1998; Hoeger et al., 2001; Schmidt et al., 2002) in the removal o f cyanobacterial toxins. 
Although substantial hepatoxin removal was obtained by slow sand filtration alone, the 
overall treatment process including coagulation, clarification, rapid sand filtration and 
chlorination, did not present optimistie results (Keijola et al., 1988). Significant toxin 
removal was achieved only by adding granular activated earbon (GAC) (Hoffman, 1976) 
or by introdueing both GAC plus ozonation in the whole process (Keijola et al., 1988; 
Himberg e /a /., 1989).
Some experiments resulted in null or even negative reduction o f microcystin 
involving fiocculation-filtration-chlorination (Himberg et ah, 1989) and flocculation- 
filtration (Hoeger et al., 2004). The negative percentage results suggest a partial release 
of toxin from cyanobacterial cells during the physicoehemical treatment. The poor 
elimination of cyanobacterial toxins in Hoffman (1976), Keijola et al., (1988), and 
Himberg et al., (1989) studies can be attributed to the use o f extracellular toxin instead of 
using both intracellular and extracellular toxins (Svreek and Smith, 2004). These results 
are considered unrealistic from the perspective o f conventional treatment process because
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the incoming surface water in full-scale plants contain extracellular and intracellular 
toxin as well (Svrcek and Smith, 2004).
Recent studies have taken into consideration the removal efficiency of extra- and 
intracellular microcystins in conventional treatment (Fawell et al., 1993; Hart et al., 
1998; Bruchet et al., 1998; Chow et al., 1999; Lawton and Robertson 1999; Schmidt et 
al., 2000; Kamer et al., 2001; Rapala et al., 2002b; Pietsch 2002; Newcombe and 
Nicholson 2004,). Cyanobacterial toxins are produced and retained inside of the cells 
and can be released into water when cells lyse. Hence, they can enter water treatment 
plants either dissolved in water or within cells (Pietsch 2002). According to Pietsch 
(2 0 0 2 ), the two modes o f occurrence o f cyanotoxins in surface waters, intra- and 
extracellular, can affect directly the removal efficiency in different units and also in the 
overall conventional treatment train.
Up to 60 % of microcystin-LR concentration was reduced by using coagulation- 
sedimentation-sand filtration at the Alberta drinking water plant in Canada, however no 
attempt to differentiate the removal between intra-and extracellular toxins was made 
(Lambert et ah, 1996). Svrcek and Smith (2004) interpreted this substantial percentage 
o f toxin reduction achieved in the Alberta plant, assuming that the concentration of 
intracellular toxin was higher than dissolved toxin and based on the fact that intact cells 
have been successfully removed in water treatment plans. Using different treatment 
trains, Schmidt et al. (2002) showed almost complete removal of dissolved and 
intracellular in pilot-scale studies. Unexpectedly, the removal o f extracellular cyanotoxin 
in ozonation-coagulation-flocculation-filtration treatment train was higher than the 
removal of intracellular cyanotoxin. And in other treatment trains - flocculation-
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filtration, KMn0 4 -flocculation-filtration and particulate activated carbon (PAC)- 
flocculation-filtration -  the difference between the removal efficiency o f intra- and 
extracellular cyanotoxin was minor.
Coagulation/Flocculation-Sedimentation-filtration treatment has been proven to be 
very efficient in the removal o f intracellular toxin and inefficient in the removal of 
dissolved toxins. Whereas advanced water treatment processes, including ozonation, 
granular activated carbon and slow sand filtration have demonstrated better removal o f 
dissolved toxin than intracellular (Fawell et ah, 1993, Hart and Fawell 1998, Chow et al., 
1999, Rapala et a l,  2002, Newcombe and Nicholson, 2004). Oxidation processes such as 
ozonation, chlorination, potassium permanganate (Hart et a l ,  1998), and filtration 
process with particulate activated carbon (Rapala et ah, 2002) have been concluded to be 
equally successful in the removal of dissolved and bonded-cell toxins. However, these 
processes present a relevant limitation in the removal of bonded-cell toxins because they 
can cause the cell lysis and toxin release. A summary of cyanobacterial toxins removal 
studies using conventional and alternative treatments is depicted in the Table 2.2. Further 
aspects o f cyanotoxins removal by advanced treatment will be discussed in the following 
sections.
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Table 2.2- Status of Cyanobacterial Toxins Removal in Drinking Water Treatment
Process Toxin Type Removal (%) Conditions Reference
Biofiltration
Microcystins and neurotoxins 68 - 8 6  % Slow sand filter (pilot scale) Keijola eta l. (1988)
Hepatotoxins o f  Oscillatoria 29% Slow sand filter (pilot scale) K eijolaeta l. (1988)
Microcystin-LR and -LA 100 % Slow sand filter (bench scale) Ho et al. (2006)
Coag.+Sed.+Fil. Microcystin-LR 60% Full scale Lambert et al. (1996)
Granular Activated 
Carbon (GAG)
Anatoxin-a 90% Pilot scale Keijola et o/. (1988)
Microcystins and Oscillatoria 100% Pilot scale Keijola et al. (1988)
Microcystins 90% Pilot scale Bruchet et al. (1998)
Microcystin-LR and anatoxin 85% Small-scale pilot test Hart et a/. (1998)
Saxitoxin 70% Bench scale Newcombe and Nicholson  
(2002)
Microcystin-LR 95 - 100% Bench scale Himberg et al. (1989)
Microcystin-LR 80 - 100% Bench scale Donati et al. (1994)
Powdered Activated 
Carbon (PAC)
Microcystins 34% No pre-ozonation Himberg et al. (1989)
Neurotoxins 50% N o pre-ozonation Himberg et al. (1989)
Microcystins 90% With pre-ozonation Bruchet et al. (1998) and 
Hart et al. (1998)
Microcystin-LR 85 -9 8  % Bench scale Donati et al. (1994)
Ozonation
Microcystins and neurotoxins 100% Pilot scale Keijola et al. (1988)
Microcystins 100% Bench scale Himberg et al. (1989)
Microcystins and nodularin 100 % Bench scale Rosinato et al. (1998)
Anatoxin and microcystin-LR 90% Small-scale pilot test Hart et a/. (1998)
Microcystin-LR and -LA 99% Bench scale Bruchet et o/. (1998)
Chlorination
Microcystin and nodularin 80% pH<8; dose = 1 mg/L; cont. time = 
30 min.
Nicholson et al. (1994; 
2002;2004)
Microcystin-LR 99% dose = 2.8 mg/L; contact time = 30 
min.
T su jieta /. (1997)
Microcystin-LR 70% dose = 2.0 mg/L; contact time = 10 
min.
Rosinato eta l. (1998)
Microcystin-LR 100% pH=7.2; dose = 2.8 mg/L; c. time = 
60 min.
Nicholson et al. (1994)
Filtration Membrane
Microcystin-LR 96.7 - 99.9 % Bench scale Newmann & W eckesser 
(1998)
Microcystin-RR 98.5 - 99.9 % Bench scale Newmann & W eckesser 
(1998)
2.6.3- Cyanobacterial Toxin Removal by Chlorination
Chlorination is the chemical treatment most often employed for drinking water 
disinfection in the U. S.. Initial studies on the application of chlorine for the removal of 
microcystins in drinking water were performed by Hoffman (1976), and later by Keijola 
et al. (1988), Himberg et al. (1989), and Fawell et al. (1993). These studies and a recent 
study on the oxidation o f microcystin-LR by chlorine (Kull et al., 2004) reported that 
chlorination is ineffective for the removal of microcystins. Conversely, other recent 
studies have shown effective removal o f microcystin and nodularin (80 %) at pH below 
8 , doses o f 1 mg/L or greater, and 30 minutes contact time (Nicholson et al., 1994; 2002; 
2004). Tsuji et al. (1997) reported 99 % of microcystin-LR removal at chlorine dose of 
2.8 mg/L and 30 minutes o f contact time. Such diverging results may be attributed to the 
strong dependency o f pH and toxin removal. It is most likely that the earliest studies did 
not evaluate the impact o f the pH on the removal of the toxins.
Over 70 % of elimination o f microcystin-LR was obtained at short contact time (10 
min.) and chlorine dose o f 2 mg/L (Rosinato et al. (1998). A recent study showed 78 % 
of cell-bound microcystin elimination and 17 % increase of dissolved microcystin form 
(Jurczak et ah, 2005). Although effective removal o f cell-bound microcystin was 
achieved in this research (Jurczak et al., 2005), the oxidation process led to cell lysis and 
toxin release into the water samples as it was discussed previously by Hrudey et al. 
(1999). Pre-oxidation o f waters containing cyanobacterial cells should be avoided 
because o f the release o f intracellular toxins during cell lysis (Svrcek and Smith, 2004).
The effectiveness o f chlorination was considered strongly dependent on chlorine 
doses and pH (Nicholson et al., 1994; Tsuji et al., 1997; Bruchet et al., 1998; Hart et al.,
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1998; Lawton and Robertson, 1999, Acero et al., 2005). Ineffective removals of 
microcystin and nodularin occurred at alkaline pH and low chlorine dosages (Nicholson 
et ah, 1994). The rates o f toxin removal were reduced at pH levels around 7 from 79 % 
to 0.4 % at a pH o f 10 (Nicholson et ah, 1994). Regarding the free chlorine dosage effect 
on the removal o f microcystin-LR in water samples, Nicholson et al. (1994) reported that 
the removals at 60 minutes contact time and pH around 7.2 were the following: 35 % at a 
dose of 0.7 mg/L, 72 % at a dose of 1.4 mg/L and 100 % at a dose of 2.8 mg/L.
2.6.4- Advanced Water Treatment for Cyanobacterial Toxin Removal 
2.6.4.1- Activated Carbon
Both granular activated carbon (GAC) and powdered activated carbon (PAC) have 
been reported to be highly efficient in the removal o f microcystin (Hoffman 1976; 
Keijola et a\., 1988; Himberg et ah, 1989; James and Fawell 1991; Jones et al,. 1992; 
Donati et ah, 1994; Drikas 1995; Lambert et ah, 1996; Bruchet 1998; Lawton and 
Robertson 1999; Newcombe and Nicholson 2002; Cook and Newcombe 2002b; Orr et 
ah, 2004). However, activated carbon performance is strongly dependent on the physical 
characteristics o f carbon (i.e. pore structure and size distribution), type of carbon and the 
quality o f water to be treated (Jones et al., 1992; Donati et ah, 1994; Drikas 1995; 
Lambert et ah ,  1996; Bruchet 1998, Hart et ah, 1998). For instance, the presence o f  
natural organic compounds (Drikas 1995; Donati et ah, 1994) and the volume of 
mesoporous in the carbon (Donati et al. 1994, Newcombe and Nicholson 2004) can affect 
significantly the adsorption capacity for microcystin. Donati et ah (1994) determined a
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positive correlation between microcystin-LR adsorption and carbon mesopore volume. 
The toxin removals by GAC and PAG o f all aforementioned studies are presented in 
Table 2.2.
The effectiveness o f cyanobacterial microcystin removal varies with carbon addition 
method, whether powered or granular (Jones et al., 1993; Drikas 1995; Svrcek and Smith
2004), and with the types o f microcystin and activated carbon (Svrcek and Smith 2004). 
GAC treatment is effective at short empty bed contact time (EBCT) ( 6 - 1 2  min.) and 
low carbon dosages, while PAC treatment is effective at longer EBCT (30-120 min.) and 
higher carbon doses (10-100 mg/L) (Jones et al., 1993). The dosages o f GAC used were 
not mentioned in this study. The dosages of PAC for microcystin removal can vary from 
80 mg/L to 800 mg/L, a much greater dosage than that typically used in water treatment 
plant for the removal o f taste and odor causing compounds (5 to 50 mg/L) (Svrcek and 
Smith 2004).
Regarding the adsorption capacities of GAC and PAC, it has been reported that they 
can vary substantially with the types of cyanobacterial toxin and activated carbon 
(Newcombe et al., 2002; Svrcek and Smith 2004; Drikas, 1995). Particulate activated 
carbon and granular activated carbon have been used for the removal of different 
cyanotoxin types. Hart et al. (1998) proposed the following PAC adsorptions capacities 
for different types o f microcystin: microcystin-RR (arginine-arginine) > -YR 
(tryptophan- arginine)> - LR (leucine-arginine)> - LA (leucine-alanine) (Cook and 
Newcombe, 2002b). GAC experiments using microcystin and anatoxin-a, demonstrated 
that anatoxin-a removal was higher. The differences o f toxin removal among PAC and 
GAC types may be o f the order of 40 to 50 % and 10 to 30 %, respectively (Svrcek and
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Smith, 2004). Drikas (1995) constructed adsorption isotherms for microcystin-LR with 
carbon dosages o f 2.5 -  75 mg/L and observed that levels o f microcystin-LR adsorption 
varied greatly between the carbon types, as follow. The wood-based carbons were the 
most effective adsorbents with maximum adsorption o f 280 pg/mg. Coal-based carbon 
adsorbed 116 pg/mg, and the least effective adsorbent, coconut-based carbons, adsorbed 
2 0  pg/mg.
Given the high capital cost of GAC and PAC and that occurrence of cyanobacterial 
blooms is seasonal and unpredictable, GAC and PAC have been considered not 
applicable for the exclusive removal of cyanobacterial toxins (Bruchet et al. 1998, Svrcek 
and Smith 2004). The use o f GAC in water treatment plants is more common than that of 
PAC because o f its higher adsorption capacity, easier operational control and lower 
dosages. In addition, it has been demonstrated that high microbiological activity occurs 
on the surface of GAC, contributing effectively for overall toxin removal and making the 
referred process advantageous (Drikas 1995; Svrcek and Smith, 2004; Newcombe and 
Nicholson 2004; Orr et ah, 2004). To date, there is no published study that evaluates the 
degradation of cyanotoxins with GAC either due to microbiological activity on its surface 
or physical-chemical interactions between the carbons and the toxins.
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2.6.4.4- Cyanobacterial Toxin Removal by Adsorption
Adsorption of the cyanobacterial hepatotoxins nodularin and microcystin-LR has 
been measured in batch studies (Morris et al., 2000 and Miller et al., 2000). The results 
have shown that nodularin and microcystin-LR can potentially be removed from water by 
naturally occurring clay minerals and that adsorption may offer an effective method of 
removing algal toxins from drinking water supplies (Morris et al., 2000).
Morris et al. (2000) examined the adsorption of microcystin-LR and nodularin by 
fine-grained fractions o f marine sediments with high concentrations o f kaolinite, illite and 
montmorillonite. Two size-fractions (< 2 and < 0.3 pm) were separately tested. More 
than 81 % of microcystin-LR was removed by the 2 pm sediment and 27% was removed 
by the finest sediment particles (0.3 pm). In spite of the cyanobacterial hepatotoxins, 
microcystin-LR and nodularin have been considered the most hydrophilic toxins o f this 
group, it is expected that other hepatotoxins may demonstrate a similar behavior (Morris 
et ah, 2 0 0 0 ).
Similar results have been reported by Miller et al. (2000). Their studies focused on 
the adsorption of nodularin and microcystin-LR from water onto soil during batch 
experiments. Nodularin and microcystin-LR showed adsorption coefficients around 16.7 
L/kg, which corresponded to approximately 79.5 % removal. The results reported for 
both nodularin and microcystin-LR demonstrated a decreasing adsorption at high pH 
values. These findings suggested that as the pH increases, microcystin-LR becomes more 
hydrophilic and hence remains in the water, instead o f portioning to the clay minerals. 
On the other hand, it was found significantly higher adsorption coefficients as the TDS 
solution of the batch tests increased.
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It is envisioned in this research that microcystin-LR may be adsorbed to polystyrene 
microspheres, which mimics the inorganic suspended particles, and to anthracite, the 
biofilter media. To investigate whether microcystin-LR is adsorbed by polystyrene 
microspheres and anthracite, adsorption tests for this study were performed and discussed 
in Chapter 5.
2.6.4.2- Membrane Filtration
Membrane filtration has received increasing attention in the recent years because it is 
economically viable and efficient in the production o f potable water (Chow et al., 1997). 
It involves passing water through a semi-permeable membrane to retain the suspended or 
dissolved material, and allow pure water to go through (Chow et ah, 1997; Svrcek and 
Smith, 2004). The concept o f using membrane for the removal of cyanobacterial toxins 
and cells originated from the fact that the toxins have relatively high molecular weight 
(i.e. microcystin-LR = 996) and the size of individual cyanobacterial cells is 
approximately 4-6 pm, while the membrane molecular weight and pore size are 100 and 
0.3 pm, respectively (Chow et a l ,  1997; Lawton and Robertson, 1999; Svrcek and Smith, 
2004).
Cyanobacterial hepatotoxins have been successfully removed by membrane filtration 
in laboratory studies (Muntisov and Trimboli, 1996; Neumann and Weckesser, 1998; 
Lawton and Robertson, 1999; Zhou and Smith, 2001; Svreek and Smith, 2004). The 
average removal rates for microcystin-LR and microcystin-RR in tap and salt water were
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in the range o f 96.7% to 99.9% and 98.5% to 99.9%, respectively (Neumann and 
Weckesser, 1998). The concentration of nodularin and microcystin-LR fell below 
detection limits (2.55 pg/L) and permissible values (1 pg/L) using nanofiltration 
(Muntisov and Trimboli, 1996, Smith et al., 2002) and reverse osmosis (Lawton and 
Robertson, 1999).
A study of ultra-membrane filtration for the removal of cyanobacterial cells assessed 
98% of cells retention (Chow et al., 1997). However, cell damage in the tests performed 
under high pressure was observed. Although the majority of the cells maintained their 
integrity, microcystin release into the effluent water was unavoidable (Chow et al., 1997). 
Even with recirculation o f water, minor amount of toxin still remained in the finished 
water suggesting that a particular ultra filtration membrane was unable to retain 
microcystin. In general, the results of studies testing membrane filtration for cyanotoxin 
removal point out the method as a potent technology. Nevertheless further investigations 
of the rejection and adsorption capacities are necessary (Chow et ah, 1999; Scvrek and 
Smith, 2004).
2.6.4.3- Ozonation
Ozonation has been proven to be a very suitable technology for complete elimination 
of different classes of cyanotoxins (Keijola et ah, 1988; Himberg et al., 1989; Fawell et 
al., 1993; Drikas 1995; Rosinato et al., 1998; Hart et al., 1998; Bruchet et a l ,  1998; 
Lawton and Robertson 1999; Rosinato et a l, 2001; Hoeger et a l ,  2002); however, it has
47
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
failed to remove neurotoxins, the saxitoxins (Rosinato et al., 2001, Newcombe and 
Nicholson, 2002 and 2004; Orr et al., 2004).
Several studies have found that cyanobacterial destruction depends directly on ozone 
doses (Keijola et al., 1988, Himberg et al., 1989; Fawell et al., 1993; Drikas 1995; 
Rosinato et al., 1998) and contact time (Rosinato et al. 1998 and Hoeger et al. 2002). A 
1 0 0  % efficiency for the removal o f microcystins and nodularin has been reported at 
ozone dosages o f Img/L (Keijola et al., 1988; Himberg et al., 1989) and 0.22 mg/L 
(Rosinato et al., 1998), respectively. However, the treatment was completely ineffective 
for the oxidation of neurotoxins during batch and bench laboratory experiments (Orr et 
a l, 2004). Hepatoxin microcystin-LR was effectively destroyed within 3 minutes and 25 
seconds when treated with 0.2 mg/L and 0.22 mg/L o f ozone, respectively (Rosinato et 
a/., 1998).
The major drawbacks of the ozonation method for the removal o f cyanobacterial 
toxins from natural waters are: a) the influence of dissolved organic carbon (DOC) and 
alkalinity resulting in the incomplete removal o f the toxins (Shawwa and Smith 2001; 
Rosinato et al, 2001; Hoeger et a l,  2002); and b) bacterial cell destruction that results in 
the release of toxin from cells (Hart et a l,  1998). The decline o f efficiency of 
microcystin-LR removal by ozonation in waters with high concentration of dissolved 
organic carbon and alkalinity has been demonstrated by Shawwa and Smith (2001) and 
Rosinato et al. (2001). As the DOC concentration and alkalinity increases, ozone 
decomposition is accelerated and the ozone doses needed to remove the microcystin-LR 
to the permissible limits are higher (Shawwa and Smith, 2001). These effects are 
correlated with the competition o f DOC and alkalinity for oxidant molecules. Carbon
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dioxide (CO2) in water can form carbonic acid (H2CO3), which in turn can dissociate to 
form bicarbonate (HCO3 ') and carbonate (C0 3 ‘̂) ions. These ions and DOC are highly 
reactive in waters and combine extremely fast with the molecules of ozone. As a result, 
the availability o f ozone (O3) for the oxidation of the toxin is decreased. Rosinato et al. 
(2001) also observed the influence of water quality in the removal o f microcystin-LR, LA 
and anatoxin-a. Complete destruction of cyanotoxins was achieved under a wide range of 
DOC and alkalinity concentrations. Oxidation experiments were undertaken with waters 
containing toxic cyanobacterial cells and it was found that ozonation can cause cell 
destruction and toxin release (Hart et al., 1998; Hoeger et a l,  2002).
2.7- Operational Parameters in Drinking Water Biofiltration
Several operational parameters can influence biodegradable organic matter (BOM) 
removal in drinking water biofiltration, and important interactions may exist among these 
parameters (Liu et al., 2001). These parameters include BOM composition, contact time, 
type of media, ozonation, backwash, temperature variations, pH, and substrate utilization. 
The impact o f these factors on drinking water biofiltration follows. BOM is the term that 
defines the biodegradable fraction of NOM (Moll, 1998).
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2.7.1- Characterization of NOM in Drinking Water
The presence o f natural organic matter (NOM) in water supplies is one the major 
concerns o f drinking water treatment facilities, especially with respect to its possible 
reactions with disinfectants and its utilization as a substrate by microorganisms in the 
distribution system (Urfer et al., 1997; Carlson and Amy, 1998; Wang, 1995; Gagnon, 
1997; Hozalski et al., 1995; Huck et al., 1994). Components of BOM may react with 
disinfectants and form disinfectant by-products (DPBs), which are of health concern. 
Trihalomethanes are disinfectant by-products that are suspected carcinogenic compounds 
(McDonald and Komulainen, 2005) and thus regulated by the United States 
Environmental Protection Agency (USEPA) (Urfer et al., 1997; Wang, 1995; Gagnon, 
1997; Hozalski et al., 1995; Huck et al., 1994). The THM standard in drinking water is 
0.080 mg/L (EPA, 1998).
The origin and composition of NOM in natural waters have been discussed in several 
studies and they are still uncertain (Wang, 1995; Volk et a /.,1997; Weinberg and 
Gjessing, 1999). The origin o f NOM in water supplies is natural and appears to be 
derived from living and decaying vegetation (Gjessing et al., 1999). For instance, the 
soluble fraction o f soil organic matter, fulvic acids, constitutes the major source of 
natural organic matter in waters. NOM in natural waters comprises such a heterogeneous 
mixture o f organic compounds that is impossible to analyze each compound individually 
(Wang, 1995; Moll, 1998; Liu, 2001). Due this heterogeneity, assimilable organic carbon 
(AOC), biodegradable dissolved organic carbon (BDOC), and total organic carbon (TOC) 
are the parameters available for the characterization o f NOM in drinking water (Gagnon, 
1997; Wang, 1995; Hozalski et al., 1995; Huck et al. 1997, Liu, 2001; Moll, 1998; Urfer,
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1998). A schematic representation of NOM fractions in drinking water in terms of its 
biodegradability is presented in Figure 2.11 (Langlais et al., 1991).
Assimilable organic carbon represents the available concentration of organic 
compounds which is capable o f support microbial regrowth (van der Kooij and Hijnen,
1994). Biodegradable dissolved organic carbon is determined as the fraction of the 
dissolved organic carbon (DOC) (Servais et al., 1987) and its concentration in drinking 
water is usually greater than AOC (LeChevallier et al., 1996b In: Gagnon, 1997). TOC is 
considered an excellent measurement and probably the most frequently used parameter to 
determine NOM in drinking water (Gagnon, 1997).
The major components of NOM (C62H5 5O30N 5) are humic and fulvic acids, amino 
acids, fatty and aromatic fatty acids, proteins, carbohydrates, and ozonation by-products, 
such as aldehydes (CH3CH2OH), carboxylic acids (e.g. acetate- CH3CO2H and formate- 
HCO2H), and aldo/keto acids (CH3CH3COH) (Andrews, 1993; Agbekodo et al., 1996; 
Merlet et al., 1996). The extent to which these components impact the biological 
stability o f drinking water is unclear (Hozalski et al. 1992; Gagnon, 1997). The most 
common aldehydes found in drinking water are formaldehyde (HCOH) and acetaldehyde 
(CH3COH). They are easily removed by biologically active filters at ambient 
temperature (Krasner et al., 1993) and barely removed at lower temperatures (Coffey et 
al., 1995). Urfer et al. (1997) found that carboxylic acids, such as formate and acetate, 
can also be easily removed during biofiltration process. Contrasting, Gagnon et al. 
(1997) found that complete removal of some carboxylic acids does not occur via 
biofiltration, which may increase the possibility o f microorganism’s regrowth in the 
distribution system.
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In most biological treatment methods, NOM serves as an electron donor and as a 
carbon source for aerobic heterotrophic bacteria. The low concentration of BOM in 
drinking water favors the growth of oligotrophic microorganism (Rittmann and Huck, 
1989 and Wang, 1995). Oligotrophs are microorganisms whose metabolic reactions 
require very low organic-substrate concentrations (Rittmann et al., 1986). Biologically 
stable drinking water does not promote microorganism growth during distribution 
(Rittmann and Snoeyink, 1984; Rittmann and Huck, 1989). However, it is believed that 
to produce drinking water completely free o f natural organic matter is practically 
impossible (Gagnon, 1997).
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Figure 2.11- Fractions o f DOC according to biodegradability
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2.7.2- Empty Bed Contact Time
The influence o f empty bed contact time (EBCT) in the BOM removal in biologically 
active filters has been discussed by several authors (Urfer et ah, 1997; Wang and 
Summers, 1995; Carlson and Amy, 1998; Huck et al., 1994; Wang, Summers and 
Miltner, 1995; Hozalski et ah, 1995; De Waters and DiGiano, 1990). Several studies have 
shown decreases o f NOM in the effluent of biological filters along with increasing EBCT 
(LeChevallier et a l ,  1992; Sontheimer and Hubele, 1987; Merlet et al., 1991; and Prévost 
et al., 1992). A recent study reported similar relationship between the removal of 
microcystin-LR and- LA and EBCT (Ho et al., 2006).
Merlet et al. (1992) reported the removal of biodegradable organic carbon (BDOC) in 
biological GAC filters following ozonation. The BDOC removal increased as the EBCT 
increased up to 25 minutes. After 25 minutes no further BDOC removal could be 
observed. Prévost et al. (1992) obtained 62% removal of assimilable organic carbon at a 
2 min-EBCT and higher removals were achieved at a 10 to 20-min EBCT. LeChevallier 
et al. (1992) evaluated the removal of BDOC in biologically active rapid filters following 
ozonation process. They found that the removal o f BDOC increased from 29 % at a 5- 
min EBCT to 52 % at a 22-min EBCT. Similar results were observed by Sontheimer and 
Hubele (1987). Dissolved organic carbon removal increased from 27 % to 41 % as the 
EBCT in biological GAC filters increased from 5 to 28 min. Ho et al. (2005) evaluated 
the removal o f microcystin-LR and LA at a 7.5 -  30 min EBCT and reported higher 
removals o f toxins at longer retention times. At a 7.5 min EBCT, no toxin was degraded. 
The percentages o f toxin removals at different EBCT’s were not mentioned in this study.
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Conversely, some studies have shown that EBCT does not affect the removal of 
organic carbon during biological treatment. Similar removals o f organic carbon were 
observed at different contact times (Hozalski et al. 1995; Price et al., 1993; Krasner et al.,
1993). Within the range o f 4 to 20 minutes EBCT, the removal o f BOM did not increase 
(Hozalski et al. 1995; Price et al., 1993). These results showed an independent 
relationship between the BOM removal and the contact time. Krasner et al. (1993) 
showed that similar removal o f total organic carbon (TOC) in biologically active GAC 
and anthracite filters following ozonation. For EBCT of 1.4 and 4.2 minutes in GAC and 
anthracite biofilters, the removal o f TOC was predominantly the same. Hozalski et al. 
(1995) found high insensitivity o f TOC removal to variation in EBCT. In this study, the 
mean of TOC removals in biofilters operated at EBCT’s o f 4, 10, and 20 minutes 
indicated that the removal were insignificant.
The proportionality o f BOM removal with EBCT was also discussed in several 
investigations (LeChevallier et al., 1992; Merlet et a l ,  1992, Huck, Zhang and Price,
1994). Increasing EBCT yields higher organic carbon removals; however, less than 
proportionally expected. Merlet et al. (1992) found that the removal of organic carbon 
increased at lower contact times and then become constant as EBCT was increased up to 
25 minutes. The incremental removal of using very long EBCT is considered very small.
The diverse results reported in the literature suggest that the biodégradation o f NOM 
by biofilters is controlled not only by operating parameters such as, EBCT and loading 
rate (Hozalski et al., 1995; Carlson and Amy, 1998). Several other factors may affect the 
NOM removal or the dependence o f NOM removal on EBCT: water temperature, 
biomass concentration, NOM source, ozone dosage, and hydraulic loading rate (HLC)
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(Hozalski et al., 1995). Carlson and Amy (1998) investigated the removal of NOM in 
biofilters with variable EBCT and HLC, and concluded that its removal is limited by 
biomass concentration, not by filters operating parameters. Water temperature, NOM 
source and ozone dosage may impact the kinetics o f NOM biodégradation. The effect o f 
EBCT diminishes at higher temperature and ozone dosages (Kraner et al., 1993; Price et 
a l,  1993; Hozalski et a l,  1995; Goel et a l,  1995; Bouwer et a l ,  1995). The rate and 
extent o f NOM removal in batch experiments was dependent on NOM source (Hozalski 
et a l, 1995; Goel et a l ,  1995; Bouwer et a l, 1995). Loading rates permit biomass 
accumulation because o f substrate supply; hence, they may directly affect the NOM 
removal (Hozalski et a l ,  1995).
2.7.3- Filter Media
Filter media choice strongly influences biological degradation o f biodegradable 
organic matter and plays a fundamental role in the filter’s major cost (Urfer et al. 1997). 
Recent studies have evaluated the performance o f both granular activated carbon 
(adsorptive medium), and sand and anthracite (non-adsorptive medium) for biological 
removal o f BOM (Krasner et a l ,  1993; Coffey et a l ,  1995, and Wang and Summers,
1995). Small microbial growth is usually observed on the surface of GAC micropores 
because their diameter (0.1-1 pm) does not allow bacterial colonization. Most bacteria 
range from 0.2-2pm in diameter (Urfer et al. 1997). In terms o f specific surface area 
available for biomass attachment, silica sand and anthracite present higher surface areas
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than GAC. However, GAC can offer suitable sites for bacterial attachment and protect 
the biofilm against shear stress.
A comparison between mixed media filter (anthracite, sand and garnet) and GAC- 
sand filter for removal o f assimilable organic carbon (AOC) and total organic carbon 
(TOC) showed that GAC filter presents a higher efficiency (LeChevallier et al., 1992). 
AOC removal for GAC-sand filters was equivalent to 86.4%, while for mixed filter was 
75.3% (LeChevallier et al., 1992). The higher removal of the GAC-sand filter was 
evidenced by its increased biological activity, which is attributed to better substrate 
utilization, higher surface area, and more favorable acclimation environment 
(LeChevallier et al, 1992; Li and DiGiano 1983). AWWA Committee Report (1981) 
stated that the higher surface area of GAC relative to mixed media filter or sand- 
anthracite filter supports a larger bacterial colonization.
The removal o f biodegradable ozone by-products (AOC, formaldehyde and glyoxal) 
was extremely superior in GAC-sand filter than in sand-anthracite filter (Coffey et al., 
1995; Prévost et al., 1995). Removals of formaldehyde were about 50% and 80% in 
sand-anthracite filters and GAC-sand filters, respectively. Glyoxal was completely 
removed by GAC-sand filters, whereas no glyoxal removal was observed in the sand- 
anthracite filters (Prévost et al., 1995).
Other features o f GAC-sand, sand-anthracite and mixed media filter’s performance 
have been discussed. B esides providing increased protection against oxidants residuals in 
the in the filter influent, GAC-sand filter permits a faster reestablishment of BOM 
removal after periods o f out o f service (LeChevallier et al. 1992).
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Liu (2001) concluded that to a certain extent, the performance o f different filter media 
is dependent on BOM characteristics, BOM concentration, EBCT, operational problems 
in the drinking water production, and presence of chemicals. Hence, for a given filter 
application the adequate choice for the correct filter media will require a detailed 
investigation of filter operation at pilot-scale level.
2.7.4- Ozonation
In recent years, ozonation has been introduced in many drinking water facilities in the 
U.S. as an alternative disinfectant to enhance NOM removal prior to the addition of 
chlorine (Urfer, 1998; Weinberg, 1996; Garcia-Araya et al., 1995) and to inactivate 
Cryptosporidium parvum  (Finch et al. 1994; Oppenheimer et al., 1997). It has been 
proven that chlorination has no effect on the disinfection of Cryptosporidium in drinking 
water (Finch et al., 1994). The recent regulations promulgated by the U.S. 
Environmental Protection Agency for disinfectant by-products and microbial pathogens 
have impacted significantly the water production in the U.S. by changing the 
conventional primary disinfectant (chlorination) towards ozonation and chlorine addition 
following biological rapid filters (Urfer, 1998; Gagnon et a i, 1997). Figure 2.12 shows 
the current layout o f a drinking water facility after the approval o f stricter rules. Some 
ozonation by-products, such as bromate, trihalomethanes (THMs), aldehydes and ketones 
are regulated or being considered for regulation by EPA (Wang, 1995; Najm and 
Krasner, 1995; Skukairy et al., 1994; Krasner et al., 1993; Summers et al., 1993).
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Several studies have demonstrated that ozonation enhance the biodegradability of 
organic matter, which might lead to bacterial regrowth and related problems in the 
distribution system if  it is not followed by biofiltration process (LeChevallier et al., 
1992). Therefore, ozonation and biofiltration should be design as a coupled process 
rather than two separate and independent processes (Urfer et al., 1997, Gagnon et al., 
1997; Hozalski et al., 1999; Graham, 1999) (Figure 2.12). Ozonation enhances the 
biodegradability o f organic matter in drinking water by breaking down larger molecules 
into smaller and more biologically degraded compounds and by oxidizing functional 
groups that make organic compounds more recalcitrant (Langlais et al., 1991; Reckhow 
and Singer, 1984; Amy, Kuo and Sierka, 1988; Goel et al., 1995). Some of ozonation by­
products are low molecular weight aldehydes, ketones, carboxylic acids, quinines and 
bromate (Wang, 1995; Andrews and Huck, 1994). Besides enhancing the removal of 
NOM constituents in drinking water, ozonation decreases the chlorine demand and the 
risk o f chlorination by-products (e.g. Trihalomethane), which are a health concern 
(Reckhow et al., 1992; Amy, Kuo and Sierka, 1988).
The effects o f ozonation on the biodegradability o f NOM in drinking water have been 
investigated by several authors (Langlais et al., 1991; Krasner et al., 1993; Price et al., 
1993; Huck et al., 1989; van der Kooij et al., 1989; Lienhard and Sontheimer, 1979). 
Hubele (1986) reported that the maximum removal o f organic carbon after ozonation and 
15 minutes o f contact time in sand and GAC filters was 57% greater than that without 
preozonation. Upon ozonation, it has been reported that the fraction o f AOC increases 
considerably (van der Kooij et al., 1989; Miltner et al., 1992), and consequently, 
increases the potential o f removal via biofiltration (DeWaters and DiGiano, 1990;
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Graham, 1999; Hozalski et al., 1999). Ozone dose, source water characteristics, and 
empty bed contact time are the major factors that influence directly the degree of 
biodegradability o f  organic carbon in the ozonation process (Volk et al., 1993). 
However, Carlson et al. (1997) showed that the removal of dissolved organic carbon 
(DOC) was insensitive to hydraulic loading rates and empty bed contact time.
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Figure 2.12- Schematic o f a Drinking Water Treatment Facility (based on Southern 
Nevada Water System)
2.7.5- Backwash and Headloss Buildup
Biologically active filters require periodic backwashing in order to remove biomass 
and inorganic particulate matter to restore their hydraulic capacity as well as permit
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desired filter run times to prevent BOM and nonbiological particles breakthrough 
(Hozalski and Bouwer, 1998; Urfer, 1998; Liu, 2001). The key points of a successful 
biofilter operation lie on a very careful monitoring o f biomass level during the filtration 
cycles and on an effective control of biomass losses during biofiltration process (Urfer, 
1998). Backwashing o f biologically active filters must be established or designed 
according to the function o f the filters as particulate matter removal and biological 
particles collector (Urfer, 1998). Biofilters accumulate both biological and nonbiological 
particles and the difference in the detachment of these particles during backwashing may 
influence the backwash strategies.
Several studies have addressed the effects o f backwashing on biological filters 
performance (Emelko et al., 2006; Richman and Amirtharajah, 1999; Ahmad et al., 1998; 
Hozalski and Bouwer, 1998; Coffey et al., 1996; Ahmad, 1995; Amirtharajah, 1993; 
Miltner et al., 1995; Amirtharajah, 1978). Ahmad et al. (1998) verified an increase in the 
frequency o f headloss buildup during successive GAC biofilters runs backwashed with 
water only. However, for GAC and dual-media (anthracite-sand) biofilters backwashed 
with chlorinated water, the rate of headloss development decreased during successive 
filters run (Miltner et al., 1992 and 1995).
The impacts o f backwash water chemistry (Richman and Amirtharajah, 1999) and 
backwash with air scour (Emelko et al., 2006; Amirtharajah, 1993; Ahmad et al., 1995; 
Goldgrabe et al.', 1995, Coffey et al., 1996) on biological filters for drinking water 
treatment have been evaluated as well. The results o f Richman and Amirtharajah 
(1999)’s research indicated that high particle removal and low biomass removal occurred 
when the biofilters were backwashed with water having an ionic strength around 0.015 M
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and pH equal 7. Amirtharajah (1993) demonstrated that the effectiveness o f backwashing 
was substantially enhanced by the use of air scour simultaneously with water. Goldgrabe 
et al. (1993) and Coffey et al. (1996) found similar results confirmed by an increase in 
headloss development over time in biofilters backwashed without air scour. Servais et al. 
(1991) found minimal losses o f biomass after backwashing with air scour.
Several studies indicate that backwashing with free chlorine water does not decrease 
the capacity o f NOM removal o f the biofilters after backwash cycles (Miltner et ah, 
1995; Coffey et al., 1996; Hozalski and Bouwer, 1998). Immediately after backwashing 
with only water, the removal o f organic matter was better (Coffey et a l ,  1996). To date, 
backwashing with non-chlorinated water is the most appropriate backwash procedure for 
biological filters. The introduction of air scour in the design of filter backwashing 
process in order to control the increasing rate of headloss development is another suitable 
and safe alternative (Urfer et al., 1997; Urfer, 1998).
Hozalski and Bouwer (1998) concluded that backwashing can significantly reduce 
biomass concentration, and consequently, lower the removal o f NOM when performed 
with chlorine and air scour. However, the incomplete removal o f biomass during water 
backwash (i.e. no air scour and free chlorine) may not impair the removal o f NOM, 
because the remaining biomass in the filter can sustain the removal o f NOM.
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2.7.6- Temperature
Seasonal temperature variations substantially impact drinking water biofilter 
performance (Moll et ah, 1999; Ufer et al., 1997; Coffey et al., 1995). Price et al. (1993) 
found that the removal o f BOM in full-scale biofilters diminished during the winter. 
Research on bench-scale sand biofilters operating in parallel at 5, 20 and 35 °C showed 
that the biofilter operated at 5 °C achieved much lower removal o f natural organic matter 
compared with the filters operated at 20 and 35 °C (Moll et al., 1999). The removal of 
specific readily biodegradable organic carbon such as glycoxal during biofiltration 
decreased significantly during the winter compared to the summer (Coffey et al., 1995 
and Weinberg et al., 1993). The poor performance of biologically active filters at colder 
temperatures was compensated by increasing EBCT (Weinberg et al., 1993 and Coffey et 
o/. 1995).
One expects to obtain high removal of BOM via biofiltration at higher temperatures 
because both microbial kinetics and mass transfer are faster (Urfer, 1997). Temperature 
is known to directly affect microbial nutritional requirements and increase the rate of 
substrate utilization (Madigan et al., 2003). However, this trend may be influenced by 
the type of media. Krasner et al., (1993) and Coffey et al. (1995) observed greater 
removal o f formaldehydes and glyoxals in GAC-sand filters than in anthracite-sand filters 
at high temperatures (20 -  25 ®C). The removal o f glyoxal increased from 76 % to 87 % 
in the GAC filters, and from 61 % to 85 % in the anthracite-sand filter at this temperature 
range.
62
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2.7.7- pH
The impacts o f pH on biological filtration process are not well known and only 
slightly discussed in the literature (Moll, 1998). Usually, drinking water treatment 
facilities operate with a wide range o f pH values. Physical-chemical process such as 
coagulation can decrease the pH below 6  or increase above 9 when lime is used (Moll, 
1998). In aquatic environments, microbial cells can grow within the pH range of 4 to 9, 
and optimum growth occurs between 6.5 and 8.5 (Reinheimer, 1991; Madigan et al., 
2003^
pH affects the ionic state, and consequently, increase the availability o f organic and 
inorganic nutrients to microorganisms (Brown et a l,  1980). Therefore, it is expected that 
the efficiency o f biofilters may be affected by the direct impact o f the pH on the 
metabolic state and activity o f microorganisms on the filter’s media (Moll, 1998). The 
results o f this study are consistent with recent research, which hypothesized that alkaline 
pH may function as a repressor in the enzymatic pathway of cyanotoxins degradation 
(Saito et al., 2003). Results referring to the impact of pH on the removal o f NOM and 
cyanobacterial toxins were not found in the literature.
2.7.8- Turbidity and Particle Removal
Biological filters have been proven to be very efficient in the removal of non- 
biological particles and their effieiency are similar to conventional filter, meeting current 
drinking water production standards (LeChevallier et al., 1992; Goldgrabe et al., 1993;
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Krasner et al., 1993; Coffey et al., 1995; Ahmad and Amirtharajah, 1998). In pilot-scale, 
biological active filters and conventional filters (pre-chlorinated and backwashed- 
chlorinated) with different media (sand and GAC-sand) presented similar turbidity in the 
effluent and were able to meet the current turbidity standards. After 17 weeks of filter 
run, the average effluent values ranged from 0.3 to 0.39 NTU (Goldgrade et al., 1993).
Other pilot studies have also shown no difference in the particles removal between 
biologically active GAC-sand and conventional anthraeite-sand (Krasner et al., 1993 and 
LeChevallier et al., 1992). The average effluent turbidity in these studies is inferior to 
0.2 ntu. At full scale, the results are slightly better. The finished drinking water from 
biofilters, presented turbidity levels lower than 0.1 NTU on average (Coffey et a l,  1995). 
Finally, in laboratory scale, it was found less than 0.4 NTU in the effluent at the end of 
48 hours biological filter run (Ahmad and Amirtharajah, 1998).
2.7.9- Biofilm and Substrate Utilization
A biofilm is defined as an aggregation o f bacteria attached to a solid support surface 
(Huck, 1997; Rittmann, 1995). Although higher organisms may be associated with the 
biofilm community, most engineering models emphasize only on bacterial activity. The 
bacterial communities o f the biofilm obtain substrate from the fluid with which they are 
in contaet and use this substrate for growth and eell maintenance (Huck, 1997; Rittmann,
1995). In order to produce drinking water biologically stable, three basic components 
must be available in the water for reproduction and cell maintenance: a) an electron 
donor, b) an electron acceptor, and c) nutrients (Rittmann and Huek, 1989). The most
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common and available electron donors present in natural water are several organic 
compounds and NH%, Fê "̂ , Mn "̂ ,̂ NO 2 , H2 , H2S, and HS'. The electron acceptors found 
in drinking water supplies are O2 , NO '2 and NO'3 . The major nutrienst are sources of C, 
N, P and S used to build up eell structure such as cell walls.
Figure 2.13 illustrates the conceptual configuration of a steady-state biofilm model 
for which the amount o f attached biomass and thickness remain constant (Rittmann and 
Huck, 1989). The substrate utilization rate is proportional to the substrate concentration. 
As shown in Figure 2.13, the substrate concentration diminishes across the biofilm layer 
from S to Ss and from Ss to Sf. A specific feature of this model is the presence of a 
minimum substrate concentration which allows maximum growth and maintenance of a 
steady-state condition (Rittmann, 1995; Rittmann, 1992; Rittmann and McCarty, 1990 
a,b; Rittmann and Huck, 1989; Rittmann et al., 1986).
The accumulation o f a large amount of biomass in drinking water biofiltration process 
can be achieved through the utilization of a low substrate concentration (Williamson and 
McCarty, 1976; Rittmann and Huck, 1989; Furumai and Rittmann, 1994; Wang, 
Summers and Miltner, 1995). Drinking water has a very low concentration of 
biodegradable organic matter and biofilm process represent the most adequate method for 
its removal (Rittmann and Huek, 1989). Biofilm processes used for drinking water 
production include slow sand filtration, rapid sand filtration and granular activated carbon 
(Wang, Summers and Miltner, 1995; Rittmann, 1995 and Rittmann and Huck, 1989).
Biofilm process and substrate utilization in biological treatment have been 
extensively discussed and modeled by several authors (Williamson and McCarty, 1976; 
Rittmann and McCarty, 1980; Rittman and Snoeyink, 1984; Rittman et al. 1986;
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Rittmann and Huck, 1989; Manem and Rittmann, 1992; Furumai and Rittmann, 1994; 
Rittman, 1995; Chang and Rittmann, 1987). Rittmann and McCarty (1980 a,b) 
developed a model for the kineties o f a steady-state biofilm and verified that there is a 
minimum substrate coneentration, below whieh no steady-state biofilm activity can 
occur. The model o f steady-state and non-steady-state biofilm successfully predicted 
substrate utilization and biofilm thiekness. A non-steady-state approach model will be 
used for the removal o f mieroeystin-LR in the proposal research. This model will be 
discussed later.
Media Diffusion Bulk Liquid
co
cscoos
s
Layer
0) <0
II Ü.«< m
Biofilm th ickness
Figure 2.13- Theoretical biofilm configuration
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CHAPTER 3
MODELING OF TOC AND MICROCYSTIN DEGRADATION IN BIOFILTERS
In this research it is envisioned that both, biodegradable natural organic matter 
(NOM), measured as TOC, and microcystin-LR, are biodegraded in the biofilm 
established in the filter’s media. Biodegradable NOM is assumed to be the primary 
substrate and microeystin the secondary substrate. Secondary substrate contributes 
insignifieantly towards cell’s energy and electron needs for growth and maintenance 
(Rittmann and McCarty, 2001). Microcystin-LR is present in waters in traee amounts 
(i.e. parts per billion levels) while biodegradable NOM is present in the parts per million 
range. Therefore, it is reasonable to assume that mierocystin will not contribute much to 
cell growth when it is degraded in the presence of NOM. Bower and McCarty (1985) 
determined utilization rates o f secondary substrates in acetate-grown biofilms. The 
compounds investigated as secondary substrates include chlorobenzene, 
trichlorobenzene, ethylbenzene, styrene, and naphthalene. They found that the rates of 
transformation of the halogenated organic compounds were different from that of acetate, 
the primary substrate. Secondary substrate utilization increased with time but not to the 
extent o f that o f  aeetate.
In biofiltration the biofims are partially disturbed every time the filter is 
back washed. Therefore, the biofilm is thin, right after backwashing and then it becomes
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thicker as water is processed through the filter. The biofilm in a biofilter is therefore not 
in steady-state. In this study, a non-steady-state biofilm model was used to model the 
effluent TOC and microeystin concentrations in the effluent o f the bench-seale biofilters 
constructed for this research. The biofilm model developed by Rittmann and McCarty 
(2001) was used. This model is based on work performed by Atkinson and Davies 
(1974), Rittmann and McCarty (1981), and most recently by contributions provided by 
Suidan et al. (1987). The model o f a nonsteady-state biofilm requires a pseudo-analytical 
solution which has been considered by Rittmann and McCarty (2001) as the latest and 
most accurate solution. An Excel spreadsheet built for this simulation is displayed in 
Appendix H.
3.1- Components o f the Biofilm Model 
The biofilm model was developed based on the kinetics o f substrate utilization 
and the biofilm growth model described by Rittmann and McCarty (1980) and Rittmann 
(1978). Their model incorporates fundamental processes o f liquid-layer mass transport, 
Monod kinetics, and molecular diffusion (Rittmann, 1981; Rittmann, 1982; Hozalski and 
Bouwer, 2001a; Hozalski and Bouwer, 2001b; Rittmann et al., 1986; Suidan et al., 1987; 
Saez and Rittmann, 1987; Rittmann and Brunner, 1984; Gagnon and Huck, 2001). The 
conceptual fundaments for the Rittmann and McCarty biofilm model are shown in Figure 
2.13. The model assumes that a biofilm develops on the surface o f the filter media 
grains. A concentration gradient is established between the biofilm and the bulk liquid. 
The substrate moves from the bulk liquid with a concentration S to the surface of the
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biofilm where it has a eoneentration Sj. Next, the substrate diffuses through the biofilm 
with a concentration Sf. The substrate utilization at any point in the biofilm is assumed to 
follow a Monod model (Eq. 1).
V  J  rx  ■' /
where Sf the is the rate-limiting substrate coneentration (i.e. NOM or mierocystin) in the 
biofilm, Ks is the half-velocity coefficient (i.e. the substrate concentration at which the 
rate of NOM or mierocystin degradation is half as fast), k is the maximum specific rate of 
substrate utilization, Xf is the biofilm density, and t is time. The substrate is transferred 
from the bulk liquid through a uniform liquid boundary layer according to Pick’s first law 
of diffusion. At the surface o f the biofilm, the substrate is transferred within the biofilm 
by molecular diffusion according to Pick’s second law of diffusion (Rittmann and 
McCarty, 1980, 2001 a,b).
dt
(2)/
where Df is the molecular diffusivity o f the substrate in the biofilm, and Z is the depth 
dimension normal to the biofilm. Since substrate diffusion and utilization occur 
simultaneously and their rates are equal, equations 1 and 2  can be combined.
D f  f
Equation 3 requires two boundary conditions. The first is no flux into the 
attachment surface, or
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The other boundary condition is at the biofilm/water interface, where substrate must be 
transported from the bulk liquid to the outer surface o f the biofilm. This external mass 
transport is described based on the Pick’s first law (Rittmann and McCarty, 2001),
where
J is substrate flux into the biofilm, D is the molecular diffusion coefficient o f the 
compound o f interest (i.e acetate or mierocystin) in water, L thickness o f the effective 
diffusion layer, and S and Ss are the substrate concentrations in the bulk liquid and at the 
biofilm/liquid interface, respectively.
If the substrate concentration Sf is much smaller than Ks, substrate flux and 
concentration can be represented by closed-form analytical solutions. The differential 
mass balance for first-order kinetics in the biofilm can be expressed as,
0 = D , ^ - k , X , S ,
k
in which k] is the rate coefficient - & 1  = —
Integrating Equation 5 results in analytical solutions for flux and Sf, as follow:
 ̂ D^S”, tanh(Ty / r, ) (6 )
J\ -
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cosh((ly -  z) / T, ) (7)
cosh(Ly / r , )
Transient loadings and backwashing cause the biofilm to experience net growth or loss, 
and as a result, nonsteady-state biofilm condition is established. Given that strictly 
analytical solutions are not possible due to the lack o f linearity o f Equation 3 and 5, 
Rittmann and McCarty (1981) provided a pseudo-analytical solution for these Equations:
where J -  the substrate flux into the biofilm of any thickness and r\ = the effectiveness 
factor, which is the ratio o f the actual flux to the flux that would occur if  the biofilm were 
fully penetrated at concentration S, (Rittmann and McCarty, 2001).
The pseudo-analytieal solution was developed in a dimensionless domain and 
required intermediate estimation o f q and Ss*, the dimensionless substrate concentration 
at the outer surface o f the biofilm. The solution involves the following steps:
a) Dimensionless parameters computation:
L (10)
L  =  —
( .2)
 ̂ D
where
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\k Jd 7  (13)
T =  — ; thickness o f the diffusion layer.
kX ,
b) Effectiveness factor determination:
The pseudo-analytical solution is iterative and an initial estimate o f q value, which 
can vary from 0 to 1, is required. Rittmann and MeCarty (2001) suggested an initial 
guess be calculated as:
tanh (14)
c) Computation of S] from S*: 
1
( s ' -1  -  L'L'fD]7j)+ ^ ( ^ ' -1  -  L 'L )D }îjŸ  +45*
d) Dimensionless flux computation:
( i + 2 s ; )
g) Computation o f a checking rj, called rj :
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(15)
e) Computation of a checking S ] , called 5  * :
j?; == 5 ' -  jr 'l' (17)
f) (j) estimation:
r, (18)
tanh(Z})f (j,
=  1 ;  1
L f  I tanh^f
1 tanh(Z*.) 
or = -----------
tanh^ÿ
- 1
(19)
h) Computation o f the dimensionless flux J* from:
(20)
1 +  5
i) Convert to the dimensional domain:
J  = f
/A: (21)
j) Mass balance on the substrate for a nonsteady-state biofilm:
5 '=  5" -■
(22)
Q
in which a = specific surface area of the biofilm, Q = flow rate, and V = volume of the 
filter.
Guess o f  substrate concentration in the effluent based on the percentage o f  removal o f  the primary substrate. 
D im ensionless substrate concentration computed from S.
Monod half-velocity coefficient.
Thickness o f  the diffusion layer.
Dim ensionless diffusion layer thickness.
Biofilm  thickness.
D im ensionless biofilm  thickness.
Biofilm  depth dimension.
Substrate diffusion coefficient in water.
Substrate diffusion coefficient in the biofilm.
D im ensionless substrate  d i f f u s i o n  coefficient in the biofilm .
Maximum specific rate o f  substrate utilization.
Biofilm  biomass density.
Effectiveness factor.
Flux o f  substrate.
D im ensionless flux o f  substrate
D im ensionless substrate concentration at the biofilm 's outer surface
D im ensionless parameter
Substrate concentration in the effluent
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3.2- Primary and Secondary Substrate Degradation Simulations 
The simulations o f the primary (acetate) and secondary (toxin) substrates were 
performed using the Rittmarm and McCarty (2001) pseudo-analytical solution previously 
discussed. To perform the simulations, equations 9-22 were input into a Microsoft Excel 
Spreadsheet. Next, acetate degradation kinetics data and filter specification were entered. 
Lastly the simulation was performed using an initial estimate o f the effective factor, q. 
The iterative process proceeded until a difference between q (estimated effectiveness 
factor) and q (calculated effectiveness factor) was less than 1 0 %.
Firstly, it was necessary to simulate the biodégradation o f the primary substrate 
(i.e acetate) because this is the substrate responsible for the biofilm growth and 
maintenance. This implies that biomass density and biofilm thickness are established at 
the expense o f the acetate. The effects o f biofilm thickness on acetate removal, measured 
as TOC, were evaluated using the model. The input values for primary substrate 
biodégradation simulation were the kinetic parameters of acetate: ( 1 ) k, the maximum 
rate of substrate utilization; (2) Ks, the Monod half-velocity constant; (3) D, diffusion 
coefficient in water; (4) Df, diffusion coefficient in the biofilm; (5) L, thickness of the 
diffusion layer; (6) Lf, thickness of the biofilm; and (7) Xf, biomass density.
Secondly, assuming that microeystin functions as a secondary substrate which 
biodégradation does not contribute towards cell maintenance and growth, the simulation 
of the secondary substrate can be performed. The input values for the secondary 
substrate simulation were the kinetic parameters o f microcystin-LR: (1) k, the maximum 
rate of substrate utilization; (2) Ks, the Monod half-velocity constant; (3) D, diffusion 
coefficient in water; and (4) Df, diffusion coefficient in the biofilm. The biofilm density
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and biofilm thickness remained the same as those calculated for acetate, the primary 
substrate. In addition, an initial percentage removal o f the primary substrate must be 
assumed. The percentage o f primary substrate removal must be used as an initial guess 
for the secondary substrate biodégradation simulation.
3.3- Parameter Estimation for the model- Biofilter Specifications 
Parameters needed to run the model include filter properties such as grain size and 
filter loading rate; and biodégradation kinetic properties such as half saturation constant 
and maximum substrate utilization rate. Parameter values that were used in the 
simulations and procedures for obtaining each parameter are described below. The 
hydrodynamic dispersion (D’) in a porous media biofilter is computed as D ’ = l.SDPeMo, 
in which D = substrate diffusion coefficient, PeMo = Peclet number; where PeMO = 
2agVp/D, ag = media grain radius, Vp = loading rate divided by porosity. The value of 
diffusion coefficient for microcystin-LR at 22.5 was computed using the Wilke and 
Chang’s correlation discussed by Treybal (1980)
_ 7.4(10-")(#^g)'"r (23)
where M b = the molecular weight of solvent (water), ij) = the association factor for 
solvent. The association factor for water as solvent is 2.6. T = the absolute temperature 
(°K), p ’ = the solvent viscosity, and va = the solute (microcystin-LR, acetate) molecular 
volume. The value o f the diffusion coefficient in the biofilm was estimated by 
multiplying the value for diffusion coefficient in water by 0.8 (Characklis and Marshall,
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1990). The diffusion coefficients for biofilms are within 80% of the values determined 
for water (Characklis and Marshall, 1990).
The mass transfer correlation determined by Wilson and Geankoplis for laminar 
Reynolds number in packed bed was used to compute the boundary diffusion layer 
thickness (L).
1.09v(Re)-"'^*(5c)-"'" (23)
=m
i  = ü  (24)
A:.
where
Re =
v d p p  (25)
A
Km is the liquid mass transfer coefficient, v is the superficial flow velocity, dp is 
the diameter of filter media, p is the absolute viscosity, p is the liquid density, and Sc is 
Schmidt number, m/pD.
The naturally occurring biofilm density (Xf) is a critical parameter in drinking 
water biofilter models. According to Ritmann and McCarty (2001) a typical biofilm 
density varies from 5 mg VSS/cm^ to 200 mg VSS/cm^. In this research, the biomass 
values used ranged from 5 VSS/cm^ and 40 VSS/cm^.
Filter bed porosity was determined by calculating the amount o f water that the 
filter media (anthracite) can hold. In this research, the volume o f anthracite that fills up 
30.5 cm of filter bed correspond to 152.5 mL and it was the volume used to perform the 
porosity test. By definition, porosity is the percentage o f the total volume of anthracite 
that consists o f pore space (Tan, 1996). The porosity was computed experimentally, as
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follows: The filter column was filled up to 152.5 mL with dry anthracite. Next, the same 
volume of water (152.5 mL) was slowly poured into the filter column packed with 
anthracite until the water level reached the top o f the anthracite. It means that the 
anthracite has reached the saturation and cannot hold any more water. The porosity is 
computed by using the expression below.
_ . Volume.of .water (26)
Porosity =
Volume.of .anthracite
3.4- Kinetic Parameters o f Microcystin-LR and Acetate Biodégradation
Batch experiments were used to determine the kinetic parameters required as 
inputs for the biofilm model. The kinetic parameters are: (1) k, the maximum rate of 
substrate utilization, (2) Ks, the Monod half-velocity constant, and (3) Y, the yield 
coefficient. The reactor consisted of a 250 mL glass Erlenmeyer flask with aluminum 
cap, which allows enough oxygen passage to sustain aerobic inoculation. The reactor 
was autoclaved before inoculation. The biofilm kinetic parameters determinations were 
based on methods developed by Rittmann and McCarty (1980) and Hozalski (1996). The 
kinetic parameters for TOC (acetate) were obtained from the Hozalski’s (1996) study.
The yield experiment was performed adding approximately 200 mL of sterile 
Powell & Errington medium without carbon source to the 250 mL Erlenmeyer for an 
initial microcystin-LR concentration o f 100 pg/L. The batch reactor was inoculated with 
1 mL of pure Morganella morganii culture. The reactor was incubated on an orbital 
shaker at room temperature (22.5 °C) for 24 hours. The reactor was sampled periodically
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using 5 mL sterile syringe during the 24 hours incubation period to monitor microcystin- 
LR degradation, and suspended solids. At each sampling time, 11 mL of batch fluid were 
withdrawn: 1 mL of sample was used for microcystin-LR analysis, and 10 mL of 
unfiltered sample was used for suspended solids measurements. The microbial yield (Y) 
was determined using the suspended solids measurements and microcystin-LR data from 
batch experiments according to the following relationship
y  (27)
A5
The maximum growth rate (pmax) experiment was conducted by adding 200 mL of 
sterile Powell & Errington medium without carbon source to the sterile batch reactor 
followed by an aliquot o f 100 pg/L microcystin-LR solution. The toxin was the sole 
carbon source. The batch reactor was inoculated with 1 mL of pure Morganella morganii 
culture on an orbital shaker at 250 rpm, room temperature (22.5°C) for 24 hours. The 
reactor’s fluid was sampled periodically during the 24 hours incubation period for 
suspended solids analysis. The maximum growth rates was determined as the slop of a 
plot of ln(Xsusp/Xsuspo) versus time. This determination is based on the exponential 
growth described by Brook and Madgan (1991). The values o f k was calculated from de 
values of pmax and Y according to the simple relationship
t  = ^  (28)
Y
The value o f the Monod half-velocity coefficient, Ks, was determined based on 
the infinite dilution technique developed by Williamson and McCarty (1975). By 
definition, when the specific growth rate due to synthesis equals one-half of maximum
growth rate, then Ks equals S (Rittmann and McCarty, 2001) (Figure 3.1). The technique
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has been considered both rapid and sufficiently accurate (Hergenroeder and Parkin, 1983; 
Williamson and McCarty, 1975).
g/ 2
0
0
5KK 2K 4K3K
Figure 3.1- Schematic representation o f M onod's equation.
A completely mixed reactor containing microcystin-LR (100 pg/L) in sterile 
Powell and Errington medium and inoculated with 1,330 mg/L of pure Morganella 
morganii culture without effluent recycles or wasting, was used. The toxin 
concentrations within the reactor were monitored at 2-hours intervals. The samples were 
immediately filtered through a 0 . 2  pm glass fiber filter and stored to analysis.
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CHAPTER 4
MATERIALS AND METHODS
4.1- Experimental Approach 
The specific objectives of this research are: (a) To determine whether the 
cyanobacterial toxin microcystin-LR can be removed by biofiltration at typical empty bed 
contact times (EBCT’s), (b) To investigate whether bacteria that inhabit operating 
biofilters have the ability to degrade mierocystin, (c) To investigate the impact of 
backwashing on microcystin-LR removal in biologically active filters, and (d) To model 
the biodégradation o f microeystin-LR using a non-steady-state biofilm model.
Laboratory-seale biofilters and batch bioreactors were used to accomplish the 
objectives o f the proposed study. Biodégradation batch tests were performed using three 
types of culture: (1) an enrichment culture from Lake Mead, Nevada, (b) an enrichment 
culture from the anthracite media of the Los Angeles Aqueduct Filtration Plant (LAAFP), 
(c) a pure culture o f Sphingomonas sp. purchased from the Australian Collection of 
Microorganisms (ACM -  3962), known to degrade mierocystin (Bourne et al., 2001). 
The biofilters were used to test whether mierocystin-LR could be removed during 
biofiltration at typical operating conditions and to investigate the effects of filter 
backwashing on microeystin removal.
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4.2- Experimental Methods
4.2.1- Bacterial Culture Enrichment 
The enrichment process from the Lake Mead culture started by mixing two 
millimeters o f Lake Mead filtered water sample (40 pm plankton town net, Wildco, 
Saginaw, Michigan), collected from the Las Vegas Bay of Lake Mead, into 98 ml of 
sterilized Powell & Erringnton’s medium (Table 4.1) (Atlas, 1993). The media and the 
Lake Mead water sample were placed into a 200 ml Erlenmeyer flask fitted with 
aluminum caps with slots on the side for aeration (Figure 4.1). The culture was incubated 
aerobically in the dark to avoid phototrophic growth. Heterotrophie bacteria from Lake 
Mead were enriched for over 8  months on an orbital shaker at 200 rpm and 25°C. The 
culture enrichment was monitored by measuring optical density daily at a wavelength of 
600 nm using a Hewlett Packard UV-VIS 8452A diode array spectrophometer. The 
medium and all materials coming into contact with it were aseptically sterilized. Samples 
were taken daily for microbial growth control and determination of the specific microbial 
growth rate.
To enrich the LAAFP culture, anthracite media, removed from the biofilters of the 
LAAFP right before backwashing, was shipped to the Environmental Engineering 
Laboratory at UNLV overnight. Mr Gary Pinter, Water Biologist of the Los Angeles 
Department o f Water and Power (LADWP) was instrumental in providing the samples 
for this research. The LAAFP plant is located in Sylmar, CA and is one of the world’s 
largest water treatment plant using ozonation and biofiltration for natural organic matter 
(NOM) removal. Its capacity is 600 MOD (million gallons per day). The plant operates 
at very high filtration rates (33 m/hr) (Georgeson and Karimi, 1988). The plant has 24
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biofilters filled with 6  ft (1.8 m) o f 1.5 mm anthracite media. Five grams of the 
anthracite media and 90 mL of 0.1% sodium pyrophosphate solution were placed in a 
sterilized Erlenmeyer flask and mixed on a rotary shaker at 200 rpm overnight at 
20 ± 2°C. Two milliliters o f the detached biomass was added to 98 ml of Powell & 
Errington's medium and the mixture was incubated aerobically in a rotary shaker at 250 
rpm. The lyophilized Sphingomonas sp. ACM-3962 culture was grown on PYE medium 
(Atlas, 1993) and later aseptically transferred to Powell & Errington’s medium. All the 
cultures were incubated aerobically on an orbital shaker at 250 rpm, 20 ± 2°C , and in the 
dark to avoid phototrophic growth. The enrichment cultures were monitored by 
measuring optical density daily at a wavelength o f 600 nm using a HP UV-VIS 8452A 
Diode Array Spectrophometer. The medium and all materials coming into contact with it 
were aseptically sterilized. Every time the cultures reached the maximum exponential 
growth rate, they were transferred to fresh medium. This proeess lasted 2 to 8  months for 
the different cultures.
Aluminum cap  with 
p a ssa g e  of Oj
250 mL Erlenmeyer 
flask
C ulture  Fluid
O rb ita l S h a k e r
Figure 4.1- Bacterial enrichment culture experiment setup
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Table 4.1 - Powell & Erringnton’s Medium
Powell & Errington’s Medium
Solution 1 1.0 Liter
(NH 4)2 HP04 238.000 g
K2SO4 70.000 g
NaH2P042H20 31.000 g
Solution 2 1.0 Liter
MgO 10.000 g
FeCls 6H2O 5.400 g
CaCOs 2.000 g
ZnS0 4  7H2O 1.440 g
M nS04 4H2O 1.110g
Na2Mo04 2H2O 0.490 g
C0SO4 7H2O 0.280 g
CUSO4 5H2O 0.250 g
H3BO4 0.062 g
HCl 50 mL
Solution 3 1.0 Liter
Citric Acid 4.20 g
Glucose 3.60 g
L-Glutamic acid 2.94 g
Succinic acid 1. 18g
Solution 4 10 mL
NazSzO] SHjO 1.24 g
4.2.2- Microcystin-LR Biodégradation Experiments 
Eight sterilized glass bioreactors were used to evaluate the degradation of 
microcystin-LR by suspended cells in batch experiments in the presence and absenee of 
additional carbon source. The carbon sources present (e.g. citric acid, glucose, glutamic 
acid, and succinic acid) in the Powell & Errington medium were removed from the 
medium and acetate was added as the carbon source to mimic a by-product o f NOM 
ozonation. Ninety-eight milliliters o f modified Powell & Errington medium ((i.e original 
carbon sources removed) (Table 4. 1) with 110 mg/L o f acetate (i.e. 30 mg/L as TOC) 
were placed in three sterilized bioreactors and inoculated with 10^-10"^ cells/mL of Lake
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Mead, LAAFP, and Sphingomonas sp. ACM-3962 bacteria. An abiotic control reactor 
contained 100 mL o f modified Powell & Errington’s medium was also prepared. Each 
bioreactor was spiked with 100 pg/L microeystin, which is within the range of toxin 
coneentrations during algal blooms. Another set o f three bioreactors and an abiotic 
control reactor were prepared but no carbon source was added. Therefore, mieroeystin 
was the only potential earbon source present.
Prior to transferring the cultures enriehed on Powell & Errington’s Medium to the 
bioreactors for the degradation experiments, the bacteria were harvested according to the 
method described by Jones et al. (1994). The concentrated cells were added to each 
bioreactor and incubated aerobically on an orbital shaker at 2 0 0  rpm and in the dark at 
20 ± 2 °C. Bioreactors were sampled daily for microcystin-LR analysis and optical 
density. For the toxin analysis, 2 mL samples were taken and eentrifuged for 25 
minutes at 10,000 x g, at minus 5°C (Sorvall, Legend RT). The supernatant was used for 
the analysis o f microcystin-LR by High Performance Liquid Chromatography (HPLC) or 
ELISA.
4.2.1- Microeystin-LR analysis 
Microcystin-LR was determined either by HPLC analysis or ELISA. HPLC analyses 
were performed with an Agilent Technologies 1100 LC Separation Module fitted with an 
Agilent Photodiode Array Detector (PDA), a column thermostat module, and a HP 
computer system. A C,g end-capped Merck Purosphere STAR-RP-18e, 3 pm particles, 
LiChroCART 55 x 4 mm I D. column was used. The separation was performed with an
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isocratic elution o f acetonitrile with 0.05% v/v trifluoracetie acid (A) and water- 
0.05% v/v trifluoracetie acid (B), at a flowrate o f 1 mL/min. The column oven and 
wavelength were set at 23°C and 238 nm, respectively. The sample injection volume was 
200 pL. The maximum detection limit of the equipment was 20 pg/L. ELISA analyses 
were performed using a QuantiPlate™ for microcystins according to the manufacturer’s 
protocol (Envirologix, Portland, ME). The detailed procedure is displayed in Appendix 
C. Absorbance in the microtiter plates was read at 450 nm using a Microplate Reader 
(Bio-Rad Model 550). The deteetion limit o f the ELISA method was 0.16 pg/L.
4.2.2- Statistical Analysis 
Statistical analysis was performed to determine whether there was a significant 
difference in microcystin-LR biodégradation by the enrichment bacterial cultures from 
Lake Mead and LAAFP, and by the pure eulture o f Sphingomonas sp. ACM3296. The 
statistical significance o f the differences was determined using independent t-tests. To 
determine whether there was a significant difference between the biodégradation of 
mierocystin in the presence and absence o f additional carbon, repeated measures 
ANOVA analysis were performed. In addition, statistical analyses were performed to 
determine whether there was a significant difference in toxin removal performance 
between slow and rapid filters. Faetorial analysis o f variance with repeated measures 
(ANOVA) was used.
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4.2.3- Bacterial Isolation 
In order to identify the bacteria present in the enrichment cultures, a 1 mL aliquot 
o f suspended cells of each bioreactor was plated on solid Powell and Errington’s 
medium. The grown cells o f each original plate were streaked and several transfers were 
performed until single and pure eolonies were obtained. The single eolonies from these 
plates were transferred back to liquid medium and allowed to grow to obtain sufficient 
number o f bacteria for DNA extraction.
4.2.4- Phylogenetic DNA Sequence Analysis 
Before the end o f the biodégradation batch tests, a 1 ml aliquot o f suspended cells 
of each bioreactor was plated on solid Powell and Errington’s medium. The grown cells 
of each original plate were streaked for isolation and pure colonies were obtained. The 
single colonies from these plates were transferred back to liquid medium for growth and 
DNA extraction.
Initially, bacterial eulture isolates were shipped overnight to the Nevada 
Genomics Center in Reno, Nevada for 168 rRNA analysis. Very poor recovery was 
obtained in dual shipment. A decision was made to then ship the samples to a more 
experienced laboratory. Plates containing the isolates were shipped to MIDI Labs 
(Newark, DE) for analysis. At MIDI labs, the DNA was extracted by using Prepman 
Ultra DNA preparation kit according to the manufacturer’s instructions (Applied 
Biosystems). A quarter o f cells from pure colony was suspended into 100 pL of Prepman 
Ultra reagent in a screwcap tube. The tube was briefly vortexed ( 1 0 - 3 0  seconds) and
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incubated in hot water bath at 100°C for 10 minutes. Lastly, the incubated isolates were 
centrifuged for 2 minutes at 10,000 rpm and the supernatant containing DNA was used 
for PCR analysis.
Next, the 16S rRNA gene was PCR amplified from genomic DNA obtained from 
the pure bacterial isolates. Primers used were universal 16S primers that correspond to 
positions 0005F and 053IR  for 500 bp (base pair) sequence. Amplification products 
were purified from excess primers and dNTPs (deoxynucleosides polymerase) and 
checked for quality and quantity by running a portion of the product on an agarose gel. 
Cycle sequencing of the 16S rRNA amplification products was carried out using DNA 
polymerase and dye terminator chemistry. Excess dye-labeled terminators were removed 
from the sequencing reactors, collected by centrifugation, dried under vacuum and frozen 
at - 20°C until ready to load. Prior to loading, samples were resuspended in a formamide 
solution and denatured. The samples were electrophoresed in an ABl Prism 377 DNA 
Sequencer. Sequence analysis was performed using Applied Biosystems MicroSeq™ 
microbial analysis software and database.
The identification o f the amplified DNA fragment was performed using the online 
library gene database Nucleotide-nucleotide BLAST® (Basic Local Alignment Search 
Tool). This network service is available from the National Institute o f Health (NIH) - 
National Center for Biotechnology Information NCBI GenBank® website 
(http://www.ncbi.nlm.nih.gov/blast/). The phylogenetic position o f microcystin-LR- 
degrading bacteria was determined based on 16S rRNA gene sequences. The top ten 
alignment matches are presented in percent genetic distance format. The smaller the 
distance, the closer the match between the unknown and known species or genes. In
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addition, neighbor joining phylogenertic trees, using top ten alignments, were also built 
using the software MEGA (Nei and Kumar, 2004).
4.2.7- Biofilter Apparatus
One biofilter and one filter control operated in parallel in continuous flow rate and 
recycle mode. The filter columns were packed with variable amounts of anthracite to 
provide different empty bed contact times and evaluate their effect in the removal of 
microcystin-LR. A schematic diagram of the biofiltration setup is shown in Figure 4.2. 
Prior to the start o f the experiment, the anthracite was washed with DI water 20 times and 
dried on the oven for 24 hours at 105°C. The control insured that the degradation of 
microcystin-LR occurred exclusively due to biological process rather than any physical- 
chemical process. The filters consisted of clear acrylic columns 24 inches high with 1 
inch inner diameter. To permit bed expansion during backwashing, a volume o f 12 
inches above the filter bed was free o f media. Each filter was fitted with 4 sampling ports 
distributed along the filter bed. The port connected on the top o f the columns served as 
an influent sampling port and the port on the bottom was used as a filter effluent.
To simulate biologically active filters, polystyrene microspheres (Interfacial 
Dynamics Corporation, Portland, Oregon) were used to mimic particulate matter in 
waters. Microspheres (Invitrogen, Eugene, OR) 'were chosen because all particles have 
the same size (1.06 pm). Anthracite was selected as the filter media because it is 
commonly used in biofilters. The anthracite was washed with deionized water several 
times and dried in an oven at 105°C for 4 hours prior to being placed in the filters. The
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mixed microbial culture was enriched from the biofilm grown on anthracite media 
(Unifilt Corporation) taken from the Los Angeles Aqueduct Filtration Plant (Los 
Angeles, California). The enrichment culture has been demonstrated to be capable of 
degrading microcystin-LR (Chapter 5 - manuscript I). Acetic acid was used as a carbon 
source because it is a common by-product o f ozonation. The microbial medium used was 
Powell & Errington (Atlas and Parks, 1997). Potential adsorption o f microcystin onto the 
anthracite media and the polystyrene microspheres was evaluated and is detailed in 
Appendix D.
Four glass reservoirs (Pyrex, Lowell, MA) were used to feed the different 
solutions to the filters. Separate bottles were used to feed microcystin, polystyrene 
microspheres (particles), the microbial culture (suspended in mineral medium. Table 4.2), 
and microbial medium (Powell and Erington media, Table 4.1)) to the filters. Peristaltic 
pumps fitted with six heads (Cole Parmer, Masterflex, model 7553-80) and lab precision 
tubing (tygon and silicone masterflex. Cole Parmer) were used to feed the individual 
solutions to the filters. The bottles containing the microsphere and the microbial culture 
were continuously mixed with magnetic stirrers. Dechlorinated reverse osmosis water 
was used to prepare the feed solutions. A large capacity peristaltic (Cole Parmer, 
masterflex model 7553-70) was used to backwash the filters. The biofilters operated at 
room temperature (22 ± 2°C) and in the dark to prevent phototrophic growth on the 
filter’s media.
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Table 4.2 -  Mineral Medium Used to Suspend Microbial Culture (Hozalski. 19961
Component Mass concentration (mg/L)
#
e
#
#
Phosphate buffer:
K2HPO4
KH2PO4
Na2HP0 4
Nutrients:
NaNOa
M g S 04»7H 20
FeCl3 *6 H2 0
CaC12*2H20
21.8
8.5
17.7
2.7 
2Z5
36.4
4.2.8- Biofiltration Design Parameters 
The biofilters built for this research simulated the major design parameters of 
rapid and slow sand filters, which are hydraulic loading and empty bed contact time 
(EBCT). Table 4.3 shows the bed depth, flow rate, hydraulic loading, and EBCT of the 
biofilters used in this research. It also shows the recommended AWWA (1990) design 
parameters for full-scale rapid sand filters. The hydraulic loading used for the rapid and 
slow filters were 2.5 m/h and 0.021 m/h, respectively. The corresponding EBCTs were 
7.2 min. and 15 min.
Table 4.3 -  Biofiltration Design Parameters
Parameter
This Study AWWA, 1990
Rapid Filtration Slow Filtration Full-scale Rapid Sand 
Filter
Bed Depth (cm.) 30 6 1 2 0 - 180
Flow rate (mL/min) 2 1 2.5 42.3
Hydraulic loading (m/h) 2.5 0 . 0 2 1 2 . 5 - 5
EBCT (min.) 7.2 15 7 - 1 2
Effective size (mm) 0.9 0.9 0.35-0.6
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To characterize the hydraulic regime of the biofilters, tracer studies using nitrate 
were performed in the constructed biofilters. The mean hydraulic residence time ( t m r )  
and dispersion number (D/pL) for the tracer tests were obtained from an analysis o f the 
breakthrough model described in Levenspiel (1972) and Viessman and Hammer (1988). 
Details on the tracer study investigation can be found in Appendix A. It was found that 
the biofilters built behave as plug-flow with large amount o f dispersion.
. . . ;
Ice bath Medium Cells
•4*.Vi-,
Peristaltic pump
09
Effluent Backwash
Two-way valve
Peristaltic pump
Microcystin Particles
Backwash water
Figure 4.2- Biofiltration experimental setup.
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4.3- Analytical Methods
4.3.1- High Performance Liquid Chromatography (HPLC) Analysis 
Concentrations of microcystin-LR were determined by HPLC analysis. The 
instrument consist o f a Waters 2695 Separation Module, a Water 996 Photodiode Array 
Detector (PDA), a 717 plus auto sampler, a column heater module, and a Dell computer 
system. A Cig end-capped Merck Purosphere STAR-RP-18e, 3 pm particles, 
LiChroCART 55 x 4 mm I.D. column was used. The separation was performed with a 
linear gradient elution o f acetonitrile with 0.05% v/v trifluoracetic acid (A) and water- 
0.05% v/v trifluoracetic acid (B). The gradient conditions at flow rate of 1 mL/min are 
shown in Table 4.4 (Lawton et al., 1994). The column oven and wavelength were set at 
40 °C and 238 nm, respectively. The sample injection volume was 50 pL.
Table 4.4 -  Linear gradient conditions
Mobile Phase Time (min)
0 10 30
Solvent A (%) 70 65 30
Solvent B (%) 30 35 70
4.3.2- Sandwich ELISA Assay 
Enzyme Linked Immunosorbent Assay (ELISA) has been proven to be a sensitive 
and rapid method for detection o f microcystin-LR concentration in environmental 
samples. Two ELISA methods have been developed: one for detecting antigen (direct 
ELISA) and the other for detecting antibodies (indirect ELISA) (Brock and Madigan,
1991). The direct ELISA method is used for analysis where the antigen is “trapped”
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between two layers o f antibodies (sandwich ELISA assay) (Figure 4.4). The assay kit for 
microcystin-LR consists o f 96 microtiter plate coated with anti-microcystin-LR 
antibodies which are immobilized to the walls o f the wells. The antibodies are covalently 
bound to catalytic enzymes such as peroxidase and P-galactosidase, which produces color 
and can be measured at very low concentration (Brock and Madigan 1991). One 
antibody (the “capture” antibody) is bound to a solid phase typically attached to the 
bottom of a plate well. Antigen is then added and allowed to complex with the bound 
antibody. Unbound products are then removed with a wash, and a labeled second 
antibody (the “detection” antibody) is allowed to bind to the antigen, thus completing the 
“sandwich” (Rapley and Walker, 1998). The assay is then quantitated by measuring the 
amount o f labeled second antibody bound to the matrix, through the use o f multichannel 
spectrophometer.
The test calibration was performed with a nontoxic microcystin-LR at levels 
equivalents to 0.1, 0.4 and 1.6 ppb. A typical calibration curve for microcystin-LR 
analysis is shown in Figure 4.3. Assays o f standard and samples were performed 
following the kit instructions. The ELISA kit instructions are described as follows. A 
125 pL volume o f microcystin assay diluent is rapidly added to each well that is used, 
preferably with a multi-channel pipetter. Immediately, 20pL volume o f the sample, 
standard, calibrator, and negative control is added into the microtiter wells and incubated 
for 30 minutes at room temperature in orbital shaker at 200 rpm. A 0.100 ml aliquot of a 
microcystin-enzyme conjugate solution is then added and incubated for another 30 min at 
ambient temperature in orbital shaker at 200 rpm. The wells are emptied and washed 
four times with Wash Solution (one packet of phosphate-buffered saline -  Tween 20, pH
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7.4 in 1 L o f distilled water). A 100 aliquot of substrate is added to each well and 
incubated for 30 minutes at ambient temperature. This substrate is transformed by the 
enzyme conjugate into a blue compound. A 100 mL o f 1.0 N hydrochloric acid solution 
is added to stop the reaction, and the solutions turn yellow. The absorbance is 
immediately measured at 450 nm using a Microplate Reader (Bio-Rad Model 550).
Standard Curve
90 1 
80 - 
70 - 
60 -
y = -23.229Ln(x) + 38.65 
= 0.9986
30 - 
20  -  
10 -
M icrocystin Cone, (ppb)
Figure 4.3- Typical calibration curve for microcystin-LR analysis using ELISA assay.
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Coat Well with 
1 St Antibody
Add Antigen 
(Microcystin-LR)
Add 2nd Antibody Add Enzyme 
labeled
Add Substrate
Antigen
Figure 4.4- Summary o f the ELISA test protocol.
% Bo = Microcystin-enzyme conjugate QD of sample or Standard 
Negative Control OD
4.3.3- Total Organic Carbon (TOC)
For TOC analysis, Standard Methods 5310 -  A (Eaton et al., 2005) was used. 
TOC concentrations were measured using the Total Organic Carbon Analyzer (Model 
TOC -  VcpH/cPN, Shimadzu). Standards o f potassium hydrogen phthalate were used to 
perform a five-point calibration of the carbon analyzer as recommended by the 
manufacturer. The analysis was performed within 48 hours from the collection or was 
stored at 4°C for no more than 14 days. An auto sampler module for the total carbon 
analyzer allowed for sample stripping with nitrogen gas and automatic injection.
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4.3.4- pH
The pH measurement was performed using electrometric method. Standard 
Method 4500-H (Eaton et al., 2005). The pH meter (Fisher Scientific model AR25) was 
calibrated daily with a three-point calibration. Grab samples were taken from the influent 
reservoir and from the effluent o f each biofilter segment and was immediately analyzed
4.3.5- Turbidity
Turbidity was analyzed using the Standard Method 2130 (Eaton et al., 2005). The 
analysis was performed on a nephelometric turbidimeter (Hach model 2100 A). Grab 
samples were immediately analyzed.
4.3.6- Dissolved Oxygen (DO)
DO was measured using Dissolved Oxygen meter (YSl Model 58) Standard 
Methods (Eaton et ah, 2005). The DO meter was calibrated daily to assure the precision 
o f the measurements. Grab samples were taken from batch reactors, influent and effluent 
o f each filters, and were immediately analyzed. The purpose o f this analysis was to 
control the concentrations o f dissolved oxygen in batch reactors and biofilter fluid.
4.3.7- Spread Plate Counting Analysis 
Spread-plate technique was used to study and characterize the individual bacterial 
species from Lake M ead’s enrichment culture, and also to compute biomass density for
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modeling purposes. Compared with phospholipids biomass analysis, this method is faster 
and more convenient for the determination o f the biomass density during the biokinetic 
parameters experiments. The phospholipids biomass analysis took two and half days to 
be performed and some kinetic parameters had to be determined with in 24 hours or less. 
The original sample was diluted several times with sterile diluent (0.85% normal saline or 
NaCl) to decrease the population sufficiently for the analysis. A small volume of dilute 
bacterial mixture was transferred to an agar plate and spread evenly with a sterile L- 
shaped glass rod. The glass rod was sterilized by dipping it in ethanol and flaming it to 
bum off the ethanol. The plates were incubated at 35°C for 24 to 48 hours. After 
incubation, the general form, shape and margin of the colony was determined. The 
isolated colonies were sent for DNA sequencing analysis (PCR) in the Nevada Genomes 
Center in Reno, NV.
4.3.8- Phospholipid Biomass Analysis 
For the measurement o f biomass or biomass activity in drinking water biofilters, the 
phospholipid method has been considered one the most reliable and convenient methods 
(Findlay et al., 1989; Wang et al., 1995; Miltner et al., 1995; Coffey et al., 1995; Urfer 
and Huck, 2001). The purpose of biomass measurements using phospholipids assay 
method in this study is to evaluate the biomass removal by backwashing. The results of 
biomass measurements in conjunction with the model simulation results were important 
to determine the extension of backwashing effects on microcystiln-LR removal. The 
detailed procedure for phospholipid assay is found in Appendix B.
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4.4- Quality Assurance/Quality Control (QA/QC)
The purpose o f this QA/QC program is to guarantee the generation o f precise an 
accurate analytical data collected throughout the research. The guarantee is achieved by 
minimizing and identifying potential errors when generating experimental data.
4.4.1 - Quality Assurance 
Microcystin-LR, TOC pH, temperature, acetate, formate, turbidity, tracer (i.e. 
sodium nitrate), and biomass density are parameters that were determined in the 
experiments. The performance o f the biofilters is directly related to the concentration of 
the following parameters in the effluent: microcystin-LR, TOC, acetate, and turbidity. 
Temperature, pH, alkalinity and TOC are critical parameters that define the physical- 
chemical characteristics of the water to be treated. Tracer test (e.g. NaNOg) was the test 
used to determine the hydraulic regime of the biofilters. The biomass density and 
microcystin-LR concentrations in the influent and effluent are critical parameters for 
modeling and filter operation.
An effective QA/QC plan must control errors caused by personnel, sampling 
procedures, lack o f calibration of pipette and equipment, quality o f gas used for TOC 
analysis, microcystin-LR degragation in the tubing lines and in the filter control, and 
incorrect sample preservation. To ensure the quality o f the analytical data generated in 
this research, the following precautions were taken:
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4.4.2- Sampling Procedures 
The sampling bottle material must be suitable for sampling the water without 
affecting microcystin-LR, TOC, DOC, and acetate analysis. All samples for TOC, DOC 
and mieroeystin-LR analysis were stored in amber sample vials to avoid degradation by 
light. The containers used for sample collection, preparation, storage, and analysis were 
soaked for 24 hours in Alconox soap, rinsed with water and triple rinsed with deionized 
water. All sample bottles were labeled, dated and stored in refrigerator until analysis 
time. A summarization of sample storage and preservation is shown in Table 4.5.
Table 4.5 -  Sample storage and preservation.
Parameter Volume Container Preservative Holding Time
Microcystin-LR 20 mL Amber glass Cool, 4 °C 7 - 1 4  days
TOC 25 mL Amber glass Cool, 4 “C, HCl -  pH 
below 2
28 days
Acetate 25 mL Amber glass Cool, 4 "C 28 days
Formate 25 mL Amber glass Cool, 4 °C 28 days
DOC 25 mL Amber glass Cool, 4 °C, HCl - pH 
below 2
28 days
pH 25 mL Plastic, glass immediately immediately
OD Not registered Not registered immediately immediately
DO 25 mL DO glass bottle 
+ cap
Cool, 4 °C Immediately
Alkalinity 50 mL Plastic, glass Cool, 4 "C 14 days
Turbidity 50 mL Plastic, glass Cool, 4 “C 48 hrs
PCR - plates Cool, 5 -  10 “C 24 hrs
HPC - plates Cool, 5 -  10 “C 24 hrs
The containers for TOC and DOC analysis were soaked for 12 hours in 2N HCl or 
HNO3 , rinsed 7 times with pure deionized water, dried in an oven at 100°C, and covered 
with aluminum foil. In order to prevent contamination from dishwashing, all sample 
vials that were used for aeetate analysis were rinsed with acid which did not contain
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acetic acid. The samples for TOC analysis were appropriately preserved with HCl (pH =
2) prior to analysis. Toxin samples were transported from the laboratory to the HPLC in 
the Chemistry building using a dark cooler with ice packs to avoid degradation by light.
4.4.3- Calibration and Quality Control Sample
The 1C, TOC analyzer, HPLC, and turbidity meter were calibrated with known 
standards every time before samples were analyzed for acetate, TOC, microcystin-LR, 
and turbidity, respectively. The calibration for the ELISA test followed the procedures 
provided by the manufacturer. The calibration of the instruments was performed with a 
blank and at least four calibration standards of the analyzes o f interest. In addition, 
quality control samples o f known concentration were analyzed in each sample run. For 
every ten samples analyzed, for all analytical methods aforementioned, one quality 
control sample was run. For HPLC analysis of microcystin-LR, only HPLC grade 
solvents (water, methanol and acetonitrile) were used. Standard and blank solutions for 
TOC analysis was prepared with TOC grade water manufactured by Shimadzu.
The analytical balance in the UNLV Environmental Engineering Laboratory is 
calibrated every six months by Precise Weighing Systems (Santa Clarita, CA). In 
addition, balance accuracy was checked every time the balance was used through weight 
controls. The UNLV Environmental Engineering Laboratory owns 1, 5 and 50 g weights. 
pH meters were calibrated with two standard buffers (pH 4, 7 or 10) and compensated for 
temperature each time they were used. The calibration o f the mieropipettes was checked 
weekly by weighing different volumes o f water in an analytical balance.
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4.4.4- Precautions for High Sensitivity TOC Analysis 
The TOC analyzer o f the Environmental Laboratory is currently set up to operate 
on high sensitivity mode; therefore, an ultra zero grade air must be used. High sensitivity 
analysis refers to the use o f high sensitivity catalyst to measure low concentration of TOC 
(5 ppm or less), which requires a gas with zero concentration of CO2 .
4.4.5- Glassware and Utensils for Microbiological Analysis 
Glassware and utensils used for microbiological tests were acid-washed with tap 
water and five times rinsed with Dl. Then, they were autoclaved at 121°C, for 15 min 
and at 15 psi. Aseptic techniques were used to perform standard heterotrophic plate 
count and spread plate methods.
4.4.6- Temperature o f Ovens and Refrigerator 
A thermometer was maintained inside the ovens. The temperature was monitored 
every time the ovens were used, and adjusted whenever necessary. The temperature of 
the refrigerator where the samples were stored was checked and recorded weekly.
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4.4.7- DI Water Quality 
The Dl water that used to prepare solutions was free o f ionized impurities, 
organics, microorganisms and particulate matter larger than 0.2 pm. The speeifie 
resistance o f the Dl water was 18.0 Mohm-cm and was monitored every time it was used.
4.4.8- Biofiltration Apparatus Sterilization 
Before the experiment started, the filter columns and tubing were disinfected by 
pumping a 10% Clorox solution through the system at a flow rate o f 1 mL/min for 15 
minutes. Then, the columns and tubing were flushed with autoclaved distilled water for 1 
hour to remove residual chlorine.
Each time a feed reservoir was replaced, the feed tubing was wiped with an 
ethanol saturated cloth and then rinsed with sterilized Dl water to inhibit buildup of 
biofilms on the tubing surface.
4.4.9- Sample Preservation 
Methods o f sample preservation were based on the guidelines proposed in 
Standard Method 1060 (Eaton, 2005) and EPA Water Sample Preservation (USEPA, 
1983). The recommended preservative for the compounds that were analyzed in this is 
study is shown in Table 4.5.
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4.4.8 Quality Control 
The quality control o f the procedures was based on measurements o f method 
accuracy, precision, completeness and detection limit presented in Standard Method 
(Eaton, 1995). The accuracy o f the analytical data was determined by calibration 
protocols using known standards. The best fit o f the calibration curves were defined by 
Least Squares Analysis. The satisfactory R-squares for each parameter are cited in Table 
4.6. The method precision was determined by duplicate o f samples examined. Duplicate 
analysis was performed on 5% of samples and on at least one sample per test run. The 
detection limits o f the methods were evaluated based on the Standard Method 1030 C 
(Eaton et al., 2005). The completeness was evaluated based on the number o f valid data 
obtained in relation to the amount o f samples collected.
Table 4.6 -  Analytical quality control for each method.
Param eter M ethod A ccu racy  (R^) P recision  D etection  
L im it
Calibration
range
Microcystin-LR HPLC 0.998 Duplicate +/- 2.5 ppb 2.5 to 20 ppb
Microcystin-LR Elisa 0.997 Duplicate +/- 0.05 -  0.5 ppb 0.1 -  1.6 ppb
TOC TOC 0.999 Duplicate +/- 20 ppb 2 0 - 1 0 0  ppb
Acetate IC 0.997 Duplicate +/- 400 ppb 4 0 0 -  1000 ppb
Formate IC 0.997 Duplicate +/- 300 ppb 3 0 0 - 1 0 0 0  ppb
4.4.9 Safety Precautions and Waste Handling for Mierocystin-LR 
Safety and waste handling precautions were implemented at the UNLV 
Environmental Engineering Laboratory for microcystin-LR research. This was necessary 
because microcystin-LR is highly toxic. Biosafety level-2 training was requested from 
UNLV Environmental Health and Safety and it was provided by Mrs. Aurali Dade, the
103
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Biosafety/Chemical Hygiene Officer. The training was given for all students working in
the laboratory.
For personal protection and exposure control purposes, procedures were 
established to be followed every time the toxin was used. The procedures include: a) all 
microcystin-LR solutions were made under the chemical hood, b) respiratory equipment 
(e.g. dust mask) was worn every time the toxin powder was diluted in 1 0 0 % ethanol 
solution, and c) lab coat, safety goggles and heavy latex disposable gloves were worn all 
the time.
A total o f 3,000 pg o f microcystin-LR was stored in a refrigerator whose aceess was 
restricted to Dr. Batista and Lazaro Eleuterio. Microcystin-LR LD50 i.p. mouse value is 
50ug/kg, which means the amount o f toxin stored is not lethal to an adult (70 kg). The 
toxin waste containers were kept tightly closed, and the waste generated was completely 
deactivated by adding 2.5% chlorine for 4 to 5 hours contact time.
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CHAPTER 5
BIODEGRADATION STUDIES AND SEQUENCING OF MICROCYSTIN-LR 
DEGRADING BACTERIA ISOLATED FROM A DRINKING WATER BIOFILTER
AND FROM A FRESH WATER LAKE
5.1- Introduction
The increasing discharge of nutrients particularly, phosphorus and nitrogen into 
water bodies is considered to be one the major factors stimulating eyanobacterial blooms 
(blue-green algae blooms). Cyanobacteria o f the genera Microcystis, Anabaena, and 
Oscillât aria can produce lethal toxins, which have been classified into three major groups 
based on their chemical structure: hepatotoxins, neurotoxins, and lipopolysaeeharides 
endotoxins (Rapala et al., 1997, Carmichael, 1992, Oksanen et al., 2004). A range of 
hepatotoxins, known collectively as microeystins have been identified and at least 76 
microcystin variants have been found in eyanobacterial blooms (Sivonen and Jones, 
1999; NRA, 1990; Carmichael, 1991; AWWA, 1995; Chorus, 2001; Sivonen and Jones, 
1999; Carmichael, 1992; Ressom, et al., 1994). Microcystin-LR is the most common 
variant and it is well known as a highly acute toxin of the liver. It causes liver 
hemorrhage within few hours and shows tumor promotion activity through protein
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phosphatases inhibition (Wiegand and Pflugmacher, 2005; Cohen and Cohen, 1989;
Carmichael, 1992; and Bourne et al., 1996).
Because o f the potent toxicity o f microcystin-LR, which LD50 is 50 pg/Kg, the 
World Health Organization (WHO) has set a provisional guideline value o f 1.0 pg/L for 
microcystin-LR in drinking water (WHO, 1998). Microcystin-LR can severely 
compromise human health and be fatal. In 1996, fifty-three patients died at a 
haemodialysis centre in Brazil as a result o f acute hepatic failure. It has been reported 
that the water used for dialysis was contaminated with microcystin-LR (Hirooka et al., 
1999; Jochimsen et al., 1998). The presence of microcystin-LR in fresh water sources 
and several incidents involving humans and animals worldwide have been well 
documented (Yoo et al., 1995; Humpage and Falconer, 1999; Hirooka et al., 1999; 
Jochimsen et ah, 1998; Kaas and Henriksen, 2000; Ishii et al., 2004). The contamination 
o f water resources with microcystin-LR, represents a major concern for the drinking 
water industry because thousands o f consumers may be affected.
Most drinking water plants use conventional treatment methods that are unable to 
yield complete removal o f microeystins or are too costly (Donati et al., 1994; Himberg et 
ah, 1989; Schmidt et a l ,  2002). For example, poor or no removal of microeystins by 
flocculation-filtration-chlorination and flocculation-filtration has been reported (Keijola 
et al., 1988). Alternative processes, such as granular activated carbon, powdered 
activated carbon, and membrane filtration have been considered efficient for the removal 
of microeystins (Bruchet et al. 1998, Svrcek and Smith 2004). However, these methods 
have been considered too expensive to exclusively remove a contaminant that is seasonal 
and unpredictable. On the other hand, the biodégradation o f microeystins in water has
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been proven to be very effective as they can be used as carbon source by heterotrophic 
bacteria (Jones and Orr, 1994; Kenefick et al., 1993, Watanabe et a l ,  1992, Jones et al., 
1994; Berg et al., 1987; Cousins et al., 1996; Holst et al., 2003). A few strains o f the 
genus Sphingomonas have been isolated and reported to be capable o f degrading 
mieroeystin-LR (Park et al. 2001; Saitou et a l,  2003, Ishii et a l ,  2004). The pathway 
and the genes involved in the biodégradation o f mieroeystin-LR have been characterized 
by Bourne et al. (1996, 2001).
Since the establishment o f stricter rules for disinfection by-products in potable 
water by the U.S. Environmental Protection Agency (EPA, 1998), several water 
treatment plants in the U. S. have switched to ozonation as a means to meet these rules. 
As a result, biofiltration has been introduced to the drinking water treatment process. 
Ozone breaks up NOM into readily biodegradable molecules, BOM (biodegradable 
organic matter), which is responsible for the establishment of biofilms on the surface of 
the filter media in water treatment plants - biofiltration. In biofiltration, the 
biodegradable NOM is consumed by heterotrophic bacteria significantly decreasing the 
organic content o f the water and minimizing the risk of microbial growth in the 
distribution system.
Considering that microcystin can be biodegraded by enrichment culture from 
fresh water and that NOM can be sueeessfully removed during biofiltration, it is 
hypothesized that the process o f mieroeystin-LR degradation in drinking water biofilters 
is similar to that observed for NOM. Accordingly, a question arises whether the bacteria 
that degrade microcystin are present in drinking water biofilters. If they are, 
notwithstanding the other parameters that affect biodégradation, during an algal bloom
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microcystin could be potentially removed by biofiltration. The objective of this research 
is to investigate whether microcystin-degrading bacteria exist in the biofilm of active 
biofilters. Futhermore, the presence o f microcystin degrading bacteria in a fresh water 
lake, with history o f algal bloom, was investigated.
5.2- Experimental Approach
To test the aforementioned hypothesis, bacterial cultures were enriched from two 
sources, the Los Angeles Aqueduct Filtration Plant (LAAFP) anthracite media (Sylmar, 
California) and from Lake Mead (Las Vegas, Nevada). In addition a pure culture of 
Sphingomonas sp ACM-3926, which has been reported to degrade cyanotoxins, was 
purchased from the Australian Collection of Microorganisms (St. Lucia, Brisbane, 
Australia). The original goal was to evaluate if  Lake Mead waters contained bacteria that 
can degrade microcystin and then investigate whether these bacteria would accumulate in 
the filters o f the Southern Nevada Water Authority River Mountain Water Treatment 
Plant (SNWA-RMWTP). Unfortunately, the SNWA-RMWTP filters are not yet being 
operated as biofilters. Instead, anthracite media from the LAAFP, which is also fed 
Colorado River water, was used.
To enrieh the LAAFP culture, anthracite media, removed from the biofilters of the 
LAAFP right before backwashing, was shipped to the Environmental Engineering 
Laboratory at UNLV overnight. Mr Gary Pinter, Water Biologist o f the Los Angeles 
Department o f Water and Power (LADWP) was instrumental in providing the samples 
for this research. The LAAFP plant is located in Sylmar, CA and is one o f the world’s
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largest water treatment plants using ozonation and biofiltration for natural organic matter 
(NOM) removal. Its capacity is 600 MOD (million gallons per day). The plant operates 
at very high filtration rates (33 m/hr) (Georgeson and Karimi, 1988). The plant has 24 
biofilters filled with 6  ft (1.8 m) o f 1.5 mm anthracite media.
A large algal bloom occurred in Lake Mead in 2001, and since then the Southern 
Nevada Water Authority has been monitoring the Lake for mierocystin and 
cylindrospermopsis. Algal blooms have also been reported in Southern California’s 
Metropolitan Water District reservoirs supplied by Colorado River: Lake Mathews, Lake 
Skinner, Diamond Valley Lake, and Lake Mead. Furthermore, in the past two years, the 
Metropolitan Water District o f Southern California registered microcystin concentrations 
varying from 0.116 pg/L to 55.27 pg/L in all water reservoirs o f the region (EPA, 2006). 
Therefore, it is appropriate to use Lake Mead water and LAAFP media as a potential 
souree o f mierocystin-degrading bacteria.
5.3- Materials and Methods
5.3.1- Bacterial Culture Enriehment 
For the Lake Mead enrichment culture, a total o f five gallons o f water was 
eollected in three distinct locations in the Las Vegas Bay o f Lake Mead. The sample 
eontainer was previously sterilized and rinsed several times with Lake Mead water before 
being filled. In the same day o f collection the sample was filtered through 40 pm net, 
Wildco -  Saginaw, Michigan)) to remove suspended solids and larger aquatic life. Two 
millimeters o f the filtrate was then added to 98 ml o f Powell & Errington’s medium
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(Table 4.2). To enrich the LAAFP culture, anthracite media, removed from the biofilters 
right before backwashing, was shipped to the Environmental Engineering Laboratory 
overnight. Mr Gary Pinter, Water Biologist o f the Los Angeles Department o f Water and 
Power, was instrumental in providing the samples for this research. Five grams o f the 
anthracite media and 90 mL of 0.1% sodium pyrophosphate solution were placed in a 
sterilized Erlenmeyer flask and mixed on a rotary shaker at 200 rpm overnight at 20 ± 2 
°C. Two milliliters o f the detached biomass was added to 98 ml o f Powell & Errington’s 
medium. Lyophilized Sphingomonas sp. ACM-3962 culture was grown on PYE medium 
(Atlas, 1993) and later aseptically transfered to Powell & Errington’s medium.
All the cultures were ineubated aerobically on an orbital shaker at 250 rpm, 20 ± 
2°C’ and in the dark to avoid phototrophic growth. The enrichment eulture was 
monitored by measuring optical density daily at a wavelength o f 600 nm using a HP UV- 
VIS 8452A Diode Array Speetrophometer. The medium and all materials coming into 
contact with it were aseptieally sterilized. Every time when the cultures reached the 
maximum exponential growth rate, they were transferred to fresh medium. This process 
lasted 2  to 8  months for the different cultures.
5.3.2- Mierocystin-LR Biodégradation Experiments 
Eight sterilized glass bioreactors were used to evaluate the degradation of 
microeystin-LR by suspended cells in batch experiments in the presence and absenee of 
additional carbon souree. The carbon sources present (chemicals) in the Powell medium 
were removed from the medium and acetate was added as the carbon source to mimic a
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by-product o f NOM ozonation. Ninety-eight milliliters o f modified Powell & Errington 
medium with 110 mg/L of acetate (i.e. 30 mg/L as TOC) were placed in three sterilized 
bioreactors and inoculated with 10  ̂ -  lO'* eells/mL o f Lake Mead, LAAFP, and 
Sphingomonas sp. ACM-3962 bacteria. An abiotic control reactor contained 100 mL of 
modified Powell & Errington’s medium was also prepared. Each bioreactor was spiked 
with 100 pg/L microcystin, which is within the range o f toxin concentrations during algal 
blooms. Another set o f three bioreactors and an abiotic control reactor were prepared but 
no carbon source was added. Therefore, microcystin was the only potential carbon 
source present.
Prior to transferring the cultures enriched on Powell & Errington’s Medium to the 
bioreactors for the degradation experiments, the bacteria were harvested according to the 
method described by Jones et al. (1994). The concentrated cells were added to each 
bioreactor and incubated aerobically on an orbital shaker at 2 0 0  rpm and in the dark at 2 0  
± 2 °C. Bioreactors were sampled daily for mieroeystin-LR analysis and optical density. 
For the toxin analysis, 2 mL samples were taken and centrifuged for 25 minutes at 10,000 
X g, at minus 5°C (Sorvall, Legend RT). The supernatant was used for the analysis of 
microcystin-LR by High Performance Liquid Chromatography (HPLC) and ELISA.
In the end of the biodégradation batch tests, a 1 ml aliquot o f suspended cells of 
each bioreactor was plated on solid Powell and Errington’s medium. The grown cells of 
each original plate were streaked for isolation and pure colonies were obtained. The 
single isolates obtained were aseptically transferred to 200 mL Erlenmeyer flasks 
eontaing 100 mL Powell and Errington’s medium and 20 pg/L microcystin. The flasks 
were incubated aerobically on an orbital shaker at 200 rpm and in the dark at 20 ± 2°C.
I l l
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The toxin degradation with time was monitored. The goal was to investigate whether the
individual isolates were capable o f degrading microcystin-LR.
5.3.3- Additional biodégradation tests
5.3.3.1- Microcystin-LR analysis 
Microcystin-LR was determined either by HPLC analysis or ELISA. HPLC 
analyses were performed with an Agilent Technologies 1100 LC Separation Module 
fitted with an Agilent Photodiode Array Detector (PDA), a column thermostat module, 
and a HP computer system. A Cig end-capped Merck Purosphere STAR-RP-18e, 3 pm 
particles, LiChroCART 5 5 x 4  mm I.D. column was used. The separation was performed 
with an isocratic elution o f acetonitrile with 0.05% v/v trifluoracetic acid (A) and 
water- 0.05% v/v trifluoracetic acid (B), at a flowrate o f I mL/min. The column oven 
and wavelength were set at 23°C and 238 nm, respectively. The sample injection volume 
was 200 pL. The maximum detection limit of the equipment was 20 pg/L. ELISA 
analyses were performed using a QuantiPlate^^ for microeystins according to the 
manufacturer’s protocol (Envirologix, Portland, ME). The detailed procedure is 
displayed in Appendix C. Absorbance in the microtiter plates was read at 450 nm using a 
Microplate Reader (Bio-Rad Model 550). The detection limit o f the ELISA method was 
0 . 1 6  p g / L .
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5.3.4- Statistical Analysis
Statistical analysis was performed to determine whether there is a significant 
difference in microeystin-LR biodégradation by the enrichment bacterial cultures from 
Lake Mead and LAAFP, and by culture pure of Sphingomonas sp. AC M3296. The 
statistical significance o f the differences was determined using Independent t-tests. To 
determine whether there is a significant difference between the biodégradation of 
microcystin in the presence and absence o f additional carbon, repeated measures 
ANOVA analysis was performed.
5.3.5- Bacterial Isolation 
In order to identify the baeteria present in the enrichment cultures, a 1 ml aliquot 
of suspended eells o f each bioreactor was plated on solid Powell and Errington’s 
medium. The grown cells o f each original plate were streaked and several transfers were 
performed until single and pure colonies were obtained. The single colonies from these 
plates were transferred back to liquid medium and allowed to grow and obtain sufficient 
number o f bacteria for DNA extraction.
5.3.6- Phylogenetic DNA Sequencing Analysis
Before the end o f the biodégradation batch tests, a I ml aliquot o f suspended cells 
of each bioreactor was plated on solid Powell and Errington’s medium. The grovm cells 
of each original plate were streaked until single and pure colonies were obtained. The
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single colonies from these plates were transferred back to liquid medium for growth and
DNA extraction.
Initially, bacterial culture isolates were shipped overnight to the Nevada 
Genomics Center in Reno, Nevada for I 6 S rRNA analysis. Very poor recovery was 
obtained in dual shipment. A decision was made to then ship the samples to a more 
experienced laboratory. Plates containing the isolates were shipped to MIDI Labs 
(Newark, DE) for analysis. At MIDI labs, the DNA was extracted by using Prepman 
Ultra DNA preparation kit according to the manufacturer’s instructions (Applied 
Biosystems). A quarter o f cells from pure colony was suspended into 100 pL of Prepman 
Ultra reagent in a screwcap tube. The tube was briefly vortexed (10 -  30 seconds) and 
incubated in hot water bath at IOO°C for 10 minutes. Lastly, the incubated isolates were 
centrifuged for 2 minutes at 10,000 rpm and the supernatant containing DNA was used 
for PGR analysis.
Next, the I 6 S rRNA gene was PCR amplified from genomic DNA obtained from 
the pure bacterial isolates. Primers used were universal 16S primers that correspond to 
positions 0005F and 0531R for 500 bp (base pair) sequence. The protocol for the PCR 
analysis is displayed in Table 5.1. Amplification products were purified from excess 
primers and dNTPs (deoxynucleosides polymerase) and checked for quality and quantity 
by running a portion o f the product on an agarose gel. Cycle sequencing of the 16S 
rRNA amplification products was carried out using DNA polymerase and dye terminator 
chemistry. Excess dye-labeled terminators were removed from the sequencing reactors, 
collected by centrifugation, dried under vacuum and frozen at - 20°C until ready to load. 
Prior to loading, samples were resuspended in a formamide solution and denatured. The
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samples were electrophoresed in an ABI Prism 377 DNA Sequencer. Sequence analysis 
was performed using Applied Biosystems MicroSeq™ microbial analysis software and 
database.
The identification of the amplified DNA fragment were performed using the 
online library gene database Nucleotide-nucleotide BLAST® (Basic Local Alignment 
Search Tool). This network service is available from the National Institute of Health 
(NIH) -National Center for Biotechnology Information NCBI GenBank® website 
(http://www.nebi.nlm.nih.gov/blast/). The phylogenetic position of microcystin-LR- 
degrading bacteria was determined based on 16S rRNA gene sequences. The top nine 
alignment matches are presented in percent genetic distance format. The smaller the 
distance, the closer the match between the unknown and known species or genes. In 
addition, neighbor joining phylogenertic trees, using top ten alignments, were also built 
using the software MEGA (Nei and Kumar, 2004).
Table 5.1 -  PCR Protocol.
Program Temperature (°C) Time
Lid 95 -
Denature 96 4 min.
Annealing 95 30 sec.
Elongate 55 30 sec.
Complete elongation (35 cycles) 72 1.5 min.
End 72 5 min.
Hold - -
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5.4- Results
Figures E1-E8 (Appendix E) show the results o f preliminary biodégradation tests 
to determine the optimal additional carbon source concentration that would sustain 
sufficient microbial growth throughout the biodégradation experiments. The typical 
NOM concentrations in waters range from 2 to 23 mg/L for most surface waters (AWWA 
2000; and > 1 0 0  mg/L for highly colored waters, MWFI 2005). This range served as 
reference for the biodégradation experiments; however, it was observed that TOC 
concentrations lower than 30 mg/L yielded very slow microbial growth rates. The 
growth rates o f Lake Mead, LAAFP and Sphingomonas sp. ACM-3926 cultures in 
Powell & Errington medium with 15 mg/L carbon were 0.0089 day'*, 0.0148 day'* and 
0.0242 day'*, respectively. The microbial growth rates at 30 mg/L carbon for L. Mead, 
LAAFP and Sphingomonas were 0.0224 day'*, 0.0294 day * and 0.0255 day'*, 
respectively. Therefore, 30 mg/L was chosen as the optimal additional carbon source 
concentration. Raw data and graphs regarding the optimal TOC concentrations 
determination are displayed in Appendix E.
5.4.1- Microcystin-LR biodégradation with enrichment cultures
Figure 5.1 depicts the results o f biodégradation o f microcystin-LR with additional 
carbon source (30 mg/L o f  carbon) by the enrichment cultures from Lake Mead and 
LAAFP biofilters, and Sphingomonas sp. ACM-3926 pure culture for 11 days. It can be 
noticed that microcystin can be degraded by the three bacterial cultures. However, the 
degradation rates are different. Sphingomonas sp. ACM-3926 is capable o f degrading
116
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
microcystin faster than the other two cultures and no lag phase was observed. After 6  
days, Sphingomonas degraded greater than 80% of toxin, while LAAFP and Lake Mead 
cultures degraded only 50% and 35%, respectively.
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Figure 5.1 - Degradation o f microcystin-LR in the presence o f additional carbon source 
over an 11-day period with the mixed and pure cultures. Control indicates 
culture medium without bacteria. The detection limit of the microcystin 
analysis was 20 pg/L. After reaching the detection limit the concentration 
can be smaller.
The average microcystin biodégradation rate o f Sphingomonas, LAAFP and Lake 
Mead culture is about 12.1 pg/L/day, 7.2 pg/L/day, and 5.3 pg/L/day, respectively 
(Figure 5.2). Degradation o f microcystin by Lake Mead and LAAFP cultures 
commenced after a 1 -day lag phase.
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Figure 5.2 -  Microcystin-LR average degradation rate with the mixed and pure cultures 
in the presence of additional carbon source.
The results o f the independent t-test showed that, at the 95% confidence interval, 
there is a significant difference in microcystin degradation between Sphingomonas and 
the mixed bacterial cultures Lake Mead (p = 0.027) and LAAFP (p = 0.038). The 
difference between Lake Mead and LAAFP is not significant (p = 0.304, 95% 
confidence).
Figure 5.3 contrasts the ability of the three bacterial cultures to degrade 
microcystin and TOC. About 87% of TOC is rapidly degraded within 1 day of 
incubation by the three cultures, while the percentage of toxin degradation in the same 
period o f time by Lake Mead, LAAF and Sphingomonas is 0.7%, 0.57% and 10.1%, 
respectively. The rapid carbon utilization within 1-day incubation is also confirmed by 
the larger optieal density (Figure 5.4).
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M icrocystin and TOC degradation
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Figure 5.3- TOC and Microcystin degradation in batch tests showing preferential 
degradation o f TOC over microcystin.
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Figure 5.4 — OD and TOC concentrations on batch tests using acetate and microcystin.
Note the higher OD values during the first days o f experiments resulting 
from acetate utilization.
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Figures 5.5 and 5.6 show the results o f microcystin degradation in the absence of 
additional carbon source. The biodégradation patterns are similar and no lag phase is 
observed. The degradation rates do not differ as much as in the biodégradation 
experiments with additional carbon source. The average degradation rate of Lake Mead, 
LAAFP and Sphingomonas cultures is 11.2 pg/L/day, 12.5 pg/L/day and 13.8 pg/L/day, 
respectively. A 80% of microcystin degradation is achieved by the reactor inoculated 
with Sphingomonas within 5 days, while the reactors inoculated with Lake Mead and 
LAAFP cultures achieve 80 % of degradation after 6  days. The concentration of 
microcystin in the control reactors did not decrease throughout the biodégradation 
experiments and indicated that the toxin removal occurred exclusively due to biological 
process.
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Figure 5.5 - Degradation o f microcystin-LR in the absence of additional carbon source 
over a 11-day period with the mixed and pure cultures. Control indicates 
culture medium without bacteria. The detection limit of the microcystin 
analysis was 20 pg/L. After reaching the detection limit the concentration 
can be smaller
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The results o f the independent t-test showed that, at 95 % confidence interval, 
there is no significant difference in microcystin degradation between Sphingomonas and 
the mixed bacterial cultures Lake Mead (p = 0.864) and LAAFP (p = 0.820). The 
difference between Lake Mead and LAAFP is also not significant (p -  0.946, 95 % 
confidence).
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Figure 5.6 - Microcystin-LR average degradation rate with the mixed and pure cultures in 
the absence of additional carbon source
Statistical analysis was performed to determine whether there is a significant 
difference between microcystin degradation in the presence and absence of additional 
carbon. The results o f the repeated measures ANOVA show that, at 95 % confidence 
level, the difference is very significant (p < 0.0001) for the mixed cultures Lake Mead 
and LAAFP. For the pure culture, however, the difference is not significant (p = 0.237). 
Therefore, the bacteria that compose the mixed cultures seem to utilize acetate first and 
microcystins second.
121
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5.4.2- Bacterial Isolates and Phylogenetic Analysis
Plating o f the enrichment cultures resulted in two isolates from each culture, 
specifically: Lake Mead (isolates C25220 and C25459), LAAFP (isolates C25216 and 
C25217) and Sphingomonas (isolates C25218 and C25358). Tables 5.1 and 5.2 depict 
the top 9 closest matches to isolates from Lake Mead (isolates C25220 and C25459). 
Figures 5.7 and 5.8 show the phylogenetic position o f these isolates based on 16S rRNA 
gene sequences. Two distinct bacteria Morganella morganii and Pseudomonas sp were 
identified. Morganella morganii matched very well the unknown bacteria at the species 
level with a percentage difference o f only 0.85%. The other bacterium Pseudomonas sp. 
matched the unknown bacteria at the genus level with a percentage difference of 2 .1 0 %.
Tables 5.3 and 5.4 show the top 9 species matches to isolates from the LAAFP 
enrichment culture (isolates C25216 and C25217). Figures 5.9 and 5.10 present the 
phylogenetic position o f the isolates from LAAFP. Comparing the gene sequence o f the 
isolates from LAAFP with the sequences available on GenBank Data base, the homology 
search indicates that, both bacteria match, with 0.85% difference at the species level, the 
bacterium Morganella morganii.
Tables 5.5 and 5.6 depict the top 10 closest matches to isolates from 
Sphingomonas (isolates C25218 and C25358). Figures 5.11 and 5.12 show the 
phylogenetic tree o f the Sphingomonas isolates and closely related genus. Comparative 
16S rRNA analysis indicates that the Sphingomonas isolates were closely related to the 
sequence o f Pseudomonas sp. at the genus level (2.10% difference)
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Table 5.2- Closest match to sample C2522Q Lake Mead when aligned in a pairwise
manner against the GenBank database.
%  Difference C25220 Lake Mead
0.85 Morganella morganii strain 87411
1.75 Morganella morganii strain M567
5.97 Proteus mirabilis
6.06 Edwardsiella hoshinae
6.25 Edwardsiella ictaluri
6.34 Edwardsiella tarda
6.34 Morganella morganii sibonii Biogroup F
6.53 Morganella morganii morganii
6.63 Sphingomonas (Pseudomonas) paucibilis
Edwardsiella ictaluri 
Edwardsiella hoshinae 
L Cedecea davisae 
Proteus mirabilis 
Isolate C25220 - Lake Mead 
Morganella morganii strain:87411 
Morganella morganii strain M567
Edwardsiella tarda
Sphingomonas (Pseudomonas) pauclmobllis
Morganella morganii sibonll Blogroup F 
L- Morganella morganii morganii
0.1
Figure 5.7 -  Phylogenetic tree o f microcystin-degrading bacteria (C25220 Lake Mead) 
and closely related bacteria. The tree was analyzed based on the neighbor- 
joining method.
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Table 5.3
manner against the GenBank database.
%  Difference C25459 Lake Mead
2 . 1 0 Pseudomonas veronii
2 . 1 0 Pseudomonas fluorescens
2 . 1 0 Pseudomonas cichorii
2.29 Pseudomonas savastanoi
2.48 Pseudomonas syringae pv. Tabaci
2.67 Pseudomonas syringae
3.82 Sphingomonas (Pseudomonas) paucimobilis
4.50 Pseudomonas fluorescens B
4.60 Pseudomonas syringae pv. coronafaciens
Isolate C25459 - Lake Mead 
Pseudomonas veronli 
Pseudomonas fluorescens 
- Pseudomonas cichorii
Pseudomonas savastanoi 
Pseudomonas syringae pv. tabaci 
--------------- Pseudomonas syringae
Sphingomonas (Pseudomonas) paucimobilis
Pseudomonas fluorescens B
Pseudomonas syringae pv. coronafaciens
0.1
Figure 5.8 -  Phylogenetic tree o f microcystin-degrading bacteria (C25459 Lake Mead) 
and closely related bacteria. The tree was analyzed based on the neighbor- 
joining method.
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Table 5.4 - Closest match to sample C25216 LAAFP when aligned in a pairwise manner
against the GenBank database.
%  Difference C25216 LAAFP
0.85 Morganella morganii strain M567
1.75 Morganella morganii strain 87411
5.97 Proreus mirabilis
6.06 Edwardsiella hoshinae
6.25 Edwardsiella ictaluri
6.34 Edwardsiella tarda
6.34 Moganella morganii sibonii Biogroup F
6.53 Morganella morganii morganii
6.63 Sphingomonas (Pseudomonas) paucimobilis
Edwardsiella Ictaluri 
Edwardsiella hoshinae 
— Proteus mirabilis
Morganella morganii strain M567 
Isolate C25216 - LAAFP 
Morganella morganii strain: 87411 
-----------------------Edwardsiella tarda
f/brganella morganii sibonll Blogroup F 
L- Morganella morganii morganii 
-------------- Sphingomonas (Pseudomonas) paucimobilis
0.1
Figure 5.9 -  Phylogenetic tree o f microcystin-degrading bacteria (C25216 LAAFP) and 
closely related bacteria. The tree was analyzed based on the neighbor- 
joining method.
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Table 5.5 - Closest match to sample C25217 LAAFP when aligned in a pairwise manner
against the GenBank database.
%  Difference C25217 LAAFP
0.85 Morganella morganii strain M567
1.75 Morganella morganii strain 87411
5.97 Proreus mirabilis
6.06 Edwardsiella hoshinae
6.25 Edwardsiella ictaluri
6.34 Edwardsiella tarda
6.34 Moganella morganii sibonii Biogroup F
6.53 Morganella morganii morganii
6.63 Sphingomonas (Pseudomonas) paucimobilis
Edwardsiella ictaluri 
Edwardsiella hoshinae 
— Proteus mirabilis
Morganella morganii strain M567 
Isolate C25217 - LAAFP 
Morganella morganii strain:87411 
------------------------Edwardsiella tarda
Morganella morganii sibonii Blogroup F 
I— Morganella morganii morganii 
---------------Sphingomonas (Pseudomonas) paucimobilis
0.1
Figure 5.10 -  Phylogenetic tree o f microcystin-degrading bacteria (C25217 LAAFP) and 
closely related bacteria. The tree was analyzed based on the neighbor- 
joining method.
126
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
manner against the Genbank database.
%  Difference C25218 Sphingomonas
2 . 1 0 Pseudomonas sp. PF
2 . 1 0 Pseudomonas fluorescens
2.29 Pseudomonas cichorii
2.29 Pseudomonas corrugata
2.48 Pseudomonas savastanoi
2.67 Pseudomonas syringae
3.82 Pseudomonas syringae pv. tabaci
4.50 Pseudomonas syringae pv. coronafaciens
4.60 Pseudomonas fluorescens B
4.79 Sphingomonas (Pseudomonas) paucimobilis
Pseudomonas fluorescens 
Pseudomonas sp. PF 
Isolate C25218 - Sphingomonas
- Pseudomonas cichorii
- Pseudomonas corrugata 
Pseudomonas savastanoi 
 Pseudomonas syringae
Pseudomonas syringae pv. tabaci 
Pseudomonas syringae pv. tabaci(2)
------------------------------ Pseudomonas syringae pv. coronafaciens
------------------------------------ Pseudomonas fluorescens B
--------------------------------------------- Sphingomonas (Pseudomonas) paucimobilis
0.1
Figure 5.11 -  Phylogenetic tree o f microcystin-degrading bacteria (C25218
Sphingomonas) and closely related bacteria. The tree was analyzed based 
on the neighbor-joining method.
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manner against the GenBank database.
% Difference C25358 Sphingomonas
2.10 Pseudomonas sp. PF
2.10 Pseudomonas fluorescens
2.29 Pseudomonas cichorii
2.29 Pseudomonas corrugata
2.48 Pseudomonas savastanoi
2.67 Pseudomonas syringae
3.82 Pseudomonas syringae pv. tabaci
4.50 Pseudomonas syringae pv. coronafaciens
4.60 Pseudomonas fluorescens B
4.79 Sphingomonas (Pseudomonas) paucimobilis
Pseudomonas fluorescens 
Pseudomonas sp. PF 
Isolate C25358 - Sphingomonas 
- Pseudomonas cichorii 
L Pseudomonas corrugata 
Pseudomonas savastanoi 
 Pseudomonas syringae
Pseudomonas syringae pv. tabaci 
Pseudomonas syringae pv. tabaci(2)
--------------------------------Pseudomonas syringae pv. coronafaciens
-------------------------------------- Pseudomonas fluorescens B
----------------------------------------------- Sphingomonas (Pseudomonas) pauclmobllis
0.2
Figure 5.12 -  Phylogenetic tree o f microcystin-degrading bacteria (C25358 Lake Mead) 
and closely related bacteria. The tree was analyzed based on the neighbor- 
joining method.
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5.4.3- Microcystin-LR degradation by pure culture isolates
Figure 5.13 shows that all three isolates, namely Morganella morganii (LAAFP- 
C25216), Pseudomonas sp. (Lake Mead-C25459) and Pseudomonas sp. (Sphingomonas- 
C25358) were capable o f degrading microcystin-LR in the absence of additional carbon 
source. The average degradation rates of Morganella morganii. Pseudomonas sp. (Lake 
Mead-C25459), and Pseudomonas sp. (Sphingomonas-C25358) were 4.75 pg/L/day, 
4.73 pg/L/day, and 4.67 pg/L/day, respectively. Statistically, these rates are basically the 
same. These degradation rates cannot be directly compared with those of the enrichment 
culture (Figure 5.4) because different concentrations o f microcystin and cells were used. 
The biodégradation tests o f the enrichment cultures started at an optical density o f 0.120, 
while the optical density o f the pure isolate tests was 0.220. The initial toxin 
concentration in the enrichments tests was 100 pg/L, while it was 20 pg/L in the tests 
with the isolates.
M icrocystin-L R  d e g ra d a tio n  by p u re  iso la te  c u ltu re s
oi3
C
§. 10 -
2
g
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Tim e (h o u rs )
- *—  F%eudo-Sphlng — ■—  Ffeeudo-Mead A Morganella
Figure 5.13 - Degradation of microcystin-LR in the absence o f additional carbon source 
over a 60-hour period with pure isolated cultures: Pseudomonas sp.
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{Sphingomonas), Pseudomonas sp. (L. Mead) and Morganella morganii 
(LAAFP)
5.5- Discussion
The results o f the current study contribute new knowledge to: (a) the presence of 
microcystin-degrading bacteria in operating biofilters, (b) the isolation and identification 
of a new bacterium that is capable o f degrading microcystin, (c) the impact o f additional 
carbon source on microcystin biodégradation.
Most o f the published studies on microcystin biodégradation to date have 
enriched or isolated microcystin degrading bacteria from fresh water lakes in Australia 
(Jones and Orr, 1994), Japan (Ishii et al., 2004; Saito et al., 2003; Saitou et al., 2003; Park 
et al., 2001), England (Cousins et al., 1996), and Finland (Rapala et al., 1994). This 
study is the first report on the isolation of microcystin-degrating bacteria from an 
operating water biofilter. In this study, the bacterial culture enriched from anthracite 
media from operating biofilters was able to degrade microcystin aerobically using the 
toxin as the sole carbon source. Previous studies on microcystin biodégradation have 
used waters containing natural organic matter; however, the NOM concentrations were 
not reported. The microcystin biodégradation rates in these studies were 9,000 pg/L/day 
(Saitou et al., 2003), 573 pg/L/Day (Jones and Orr, 1994), and 200 pg/L/day (Jones et al., 
1994). A comparison between the degradation rates found in this study and those o f the 
previous is not possible, because the microcystin concentrations used in the previous 
studies are much higher, in the mg/L range and because the concentrations of cells were 
not mentioned.. In addition, no microbial concentrations were mentioned. However, it is
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noted that the higher the toxin concentration, the higher the degradation rates. In this 
study, the toxin degradation rates vary from 5 to 13 pg/L/day. The implication o f this 
finding is that if  biofilters are to be used to remove microcystin, there would he no need 
to bioaugment the filters with external bacterial sources because they are already present.
Another interesting finding o f this research is the identification of a bacterium 
capable of degrading microcystin-LR, Morganella morganii not previously reported as a 
microcystin-LR degrader. This bacterium was found in both the anthracite media and in 
Lake Mead water. Morganella morganii is a gram-negative, facultative anaerobic rod 
frequently found in the open environment and in the intestinal tracts of humans and 
mammals (Bergey, 1984). In addition, it has been demonstrated that Morganella 
morganii can degrade the nitramine explosives 2,4,6-trinitrotoluene (TNT) and 
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) (Christopher et al., 1994; Christopher et 
al., 2000). Currently, to the best of our knowledge, only one bacterium closely related to 
the genus Sphingomonas has been reported to be capable o f degrading microcystin-LR 
(Park et al., 2001; Bourne et al., 1996 and 2001, Saito et al., 2003). The fact that a new 
microcystin-degrading bacterium has been isolated from filters and from a fresh water 
lake indicates that microcystin-degrading bacteria may be prevalent in the environment.
Pseudomonas sp. were also foimd in Lake Mead and were able to degrade 
microcystin. The pure culture purchased from the ACM collection that was supposedly 
''̂ Sphingomonas ”, was also identified as Pseudomonas. Previous studies have also 
tentatively identified Pseudomonas sp. as a bacterium able to degrade microcystin-LR 
(Jones et al, 1994; Takenaka and Watanabe, 1997). However, since 1990 this bacterium 
has been classified as a new Sphingomonas species. The results o f the philogenetic
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analysis o f this research indicated a close match o f Pseudomonas found in Lake Mead 
(3.82 % difference) with Sphingomonas (Pseudomonas) paucimobilis. This bacterium, 
previously identified as Pseudomonas paucimobilis, is now reclassified as Sphingomonas 
paucimobilis. 16S rRNA sequence comparisons demonstrated that this species cluster 
phylogenetically with species o f the genus Sphingomonas (Denner et al, 1999). 
Furthermore, chemical structure analysis o f glycophingolipids isolated from 
Pseudomonas paucimobilis supports the reclassification o f this bacterium as 
Sphingomonas paucimobilis. The outer membrane o f gram-negative bacteria (i.e. 
Sphimgomonas) contains an essential lipopolysaccharide (LPS) called 3-hydroxy fatty 
acid. However, bacteria o f the genus Sphingomonas have been reported to lack this 
typical lipopolysaccharide. Instead, the outer membrane of S. paucimobilis and other 
Sphingomonas is composed of glycophingolipids which plays a similar role as LPS of 
other gram-negative bacteria. As a result, a new genus name Sphingomonas was 
proposed for this bacterium. In terms of biodégradation, Sphingomonas paucimobilis has 
been successfully used for the removal of hexachlrocyclohexane (HCH) from the 
environment (Kumari et al., 2002; Nagata et al., 2004 and 1993).
Most studies on microcystin degradation have been performed in the presence of 
additional carhon source (Jones et al. 1994; Ishii et al., 2004; Park et al., 2001; Takenaka 
and Watanabe, 1997; Saito et al., 2003; Cousins et al., 1996; Jones and Orr, 1994; 
Christoffersen et al., 2002; Rapala et al., 1994; Jones et al., 1994; Saitou et al., 2003; 
Miller and Fallowfiled, 2001). However, there are no reports comparing the 
biodégradation o f microcystin in the presence and absence o f additional carbon source. 
Only one study (Christoffersen et al., 2002) reported the degradation of microcystin-LR
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in the presence o f additional carbon source. They found that microcystin-LR and 
additional carbon biodégradation commenced at the same time. This behavior was not 
observed in this study. The enrichment mixed cultures from Lake Mead and LAAFP 
degrade TOC first and microcystin second. Acetate, a readily biodegraded organic 
compound, was preferably utilized by the mixed culture and the degradation of 
microcystin-LR (a cyclic peptide) is delayed until the concentration of acetate is 
significantly diminished. Because all surface waters contain TOC from natural organic 
matter, in biofilters, microcystins and biodegradable NOM will compete. Therefore, 
lower toxin removals are likely in biofilters that treat water containing high NOM levels. 
According to Jones et al. (1994), this may occur due to the repression of synthesis of 
microcystinase by substrates easier to metabolize.
In summary, the present study shows that microcystin-degrading bacteria exist in 
Lake Mead and operating active biofilters. As a result, if  the hiofilters are to he used for 
toxin removal, bioaugmentation may not be needed. However, further investigation is 
needed to determine the presence and diversity o f microcystins-LR degrading bacteria in 
biofilters. Furthermore, the results o f this research show that additional of a carhon 
source, in the form o f biodegradable NOM, significantly represses the degradation of 
microcystins. Therefore, the feasibility o f using biofilters to remove microcystins from 
waters depends in great part on the biodegradable NOM and toxin concentrations in the 
influent water.
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CHAPTER 6
THE IMPACT OF BACKWASHING ON THE REMOVAL OF MICROCYSTIN-LR 
WITHIN DRINKING WATER SLOW AND RAPID BIOFILTERS
6.1- Introduction
Conventional water treatment processes have been proven to be either ineffective 
or too expensive in removing cyanobacterial toxins (Donati et ah, 1994; Himberg et al., 
1989; Schmidt et al., 2002). For instance, no removal of microcystins has been achieved 
by processes involving flocculation-filtration-chlorination and flocculation-filtration 
(Keijola et al., 1988). Alternative processes, such as granular activated carbon, powdered 
activated carbon, and membrane filtration have been considered highly efficient for the 
removal o f cyanobacterial toxin (Bruchet et al. 1998, Svrcek and Smith 2004). However, 
given their high capital cost and considering that cyanobacterial blooms are seasonal and 
unpredictable, these technologies have been considered inapplicable for the exclusive 
removal o f cyanobacterial toxins.
A potential method for cyanobacterial toxin removal from drinking water is 
degradation in biologically active filters - biofiltration. In the last decades, biofiltration 
has been incorporated to drinking water treatment plants for the removal of natural 
organic matter (NOM) and it can accomplish complete removal o f NOM including that of
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the readily biodegradable fraction generated in facilities where pre-ozonation is applied. 
The biological degradation o f microcystins by heterotrophic bacteria has heen 
demonstrated widely (Jones and Orr, 1994; Jones et al., 1994; Berg et al, 1987; Cousins 
et al., 1996; Holst et al., 2003; Saito et al., 2003; Boume et al., 1996; Boume et al., 
2001). In this research, it is envisioned that the process of cyanobacterial toxin 
degradation in drinking water biofilters is similar to that observed for natural organic 
matter (NOM). The fact that NOM can be efficiently removed by biofiltration coupled 
with successful reports o f toxin biodégradation support the hypothesis that microcystin- 
LR can be removed from waters by biofiltration.
Presently, there are only a few published studies that address the removal of 
cyanobacterial toxins via biofitration (Keijola et ah, 1988; Lahti and Hiisvirta, 1989; 
Hoeger et al., 2001; Gruetzmacher et al, 2002; Ho et al., 2005, Boume et. al., 2006). 
Variable removals o f cyanobacterial toxins by slow sand filtration have been reported in 
bench (Keijola et al., 1988; Ho et al., 2006) and full-scale studies (Gmetzmacher et al., 
2002; Lahti and Hiisvirta, 1989). Boume et al. (2006) investigated the removal of 
microcystin-LR by six pilot-scale biofilters with a 30-hour EBCT (empty bed contact 
time) and different concentrations o f biomass. Microcystin-LR was removed to below 
the threshold guideline level (1 pg/L). Lahti and Hiisvirta (1989) reported 85% 
microcystin-LR removal in slow sand filters operated at EBCT ranging from 1 6 - 3 0  
minutes.
There are several issues conceming microcystin removal by hiofilters that have 
not heen addressed to date. The issues include inconsistent biodégradation rates, effect of 
backwashing on microcystin removal, and microcystin removals at EBCTs comparable to
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those of rapid filters. Varying microcystin biodégradation rates have reported for filters 
operated at similar conditions. To date, only one published article (Ho et al., 2006) has 
addressed microcystin-LR removal by rapid sand filters and the other published articles 
deal with slow filtration. In the U. S. drinking water industry, rapid sand filters have 
largely replaced slow sand filters and it is the prevalent design used (ASCE and AWWA, 
1990; Crittenden, et ah, 2005). In this study, the degradation of microcystin-LR by 
biologically active filter operating under typical rapid (2.5 -  5 m/h) and slow (0.01 -  
0.21 m/h) filtration rate were investigated.
Several studies have discussed the effects o f backwashing on NOM removal by 
biological filters (Ahmad et al. 1998; Hozalski, 1996, Hozalski and Bouwer, 1998; 
Miltner et al. 1995; Richman et al., 1999; Emelko et al., 2006). Given that hiofilters 
accumulate both bacteria and particles on the filter bed, removal o f these particles during 
backwashing is an important aspect o f biologically active filters operation. Successful 
biofiltration requires that the amount o f biomass on the filter media he sufficient to keep 
NOM removal during the filtration cycle (Ahmad et al. 1998). However, the results 
presented by Hozalski (1996) and Hozalski and Bouwer (1998) indicated that incomplete 
removal o f biomass during backwashing did not affect the degradation o f NOM. Despite 
o f substantial biomass removed during backwashing events, the remaining biomass was 
capable to sustain effective NOM removal. Similar results were obtained by Emelko et 
al. (2006) who observed insensitive NOM removal after backwashing. Richman et al. 
(1999) studied the effects o f ionic strength and pH on filter backwashing. They found 
that higher particle removal and lower biomass detachment occurred at ionic strength
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around 0.015 M and pH 7. Presently, no data have been published on the impact of 
backwashing on the degradation o f microcystin-LR in biological filters.
Accumulation and retention of biomass in biofilters are essential for the proper 
degradation o f NOM and/or microcystin-LR. However, periodic backwashing is required 
to restore the filter hydraulic capacity and in the process, both particles and biomass are 
lost. If too much biomass is lost, biodégradation in the following filtration cycles may be 
compromised. Balancing sufficient biomass retention and the reestablishment of the 
biofilter hydraulic capacity are fundamental to the removal o f contaminants by 
biologically active filters.
The specific objectives o f this study were (a) to determine whether microcystin- 
LR can be effectively removed by both slow and rapid drinking water hiofilters and (b) to 
evaluate the effect o f biomass losses during periodic backwashing on microcystin 
removal by biofiltration.
6.2- Materials and Methods
6.2.1- Experimental Setup 
One biofilter and one abiotic filter (control) were constructed using one-inch l.D. 
clear acrylic columns (Figure 6.1). The total filter height was 12 inches. To permit bed 
expansion during backwashing, an extra 12-inch column was attached to the filter column 
using rectangular acrylic plates and metal screws. Each filter was fitted with 4 sampling 
ports (McMaster-Carr, Los Angeles, CA) distributed along the filter bed. Stainless steel 
screen (30 mesh, McMaster-Carr, Los Angeles, CA) was put at the bottom of the filter
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columns to support the filter media. The filter eolumns were paeked with anthracite 
(Unifilt Corporation, Wilkes-Barre, PA) ranging in depth from 6 to 30 cm to provide 
different empty bed eontact times.
To simulate biologieally active filters, polystyrene mierospheres (Interfacial 
Dynamics Corporation, Portland, Oregon) were used to mimie particulate matter in 
waters. Mierospheres (Invitrogen, Eugene, OR) were chosen beeause all particles have 
the same size (1.06 pm). Anthraeite was selected as the filter media because it is 
commonly used in biofilters. The anthracite was washed with deionized water several 
times and dried in an oven at 105°C for 4 hours prior to being plaeed in the filters. The 
mixed mierobial culture was enriehed from the biofilm grown on anthracite media 
(Unifilt Corporation) taken from the Los Angeles Aqueduct Filtration Plant (Los 
Angeles, California). The enriehment eulture has been demonstrated to be capable of 
degrading mierocystin-LR (Chapter 4). Acetie aeid was used as a carbon source beeause 
it is a eommon by-product o f ozonation. The microbial medium used was Powell & 
Errington (Atlas and Parks, 1997).
Four glass reservoirs (Pyrex, Lowell, MA) were used to feed the different 
solutions to the filters. Separate bottles were used to feed microcystin, polystyrene 
mierospheres (particles), the mierobial culture, and mierobial medium to the filters. 
Peristaltie pumps fitted with six heads (Cole Parmer, Masterflex, model 7553-80) and lab 
precision tubing (tygon and silicone masterflex. Cole Parmer) were used to feed the 
individual solutions to the filters. The bottles containing the microsphere and the 
mierobial culture were continuously mixed with magnetic stirrers. Dechlorinated reverse 
osmosis water was used to prepare the feed solutions. A large capacity peristaltic (Cole
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Parmer, masterflex model 7553-70) was used to backwash the filters. The biofilters 
operated at room temperature (22 ± 2°C) and in the dark to prevent phototrophic growth 
on the filter’s media.
1 1
Ice bath Medium # Cells
&
Effluent Backwash
Peristaltic pump
Two-way valve
Peristaltic pump
Microcystin Particles
Backwash water
Figure 6.1- Biofiltration experimental setup
6.2.2- Biofiltration Design Parameters 
The biofilters built for this researeh simulated the major design parameters of 
rapid and slow sand filters, whieh are hydraulic loading and empty bed contaet time 
(EBCT). Table 6.1 shows the bed depth, flow rate, hydraulic loading, effective size, and 
EBCT of the biofilters used in this research. It also shows the recommended AWWA 
(1990) design parameters for full-seale rapid sand filters. The hydraulic loading used for
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the rapid and slow filters were 2.5 m/h and 0.021 m/h, respectively. The corresponding 
EBCTs were 7.2 min. and 15 min.
Table 6.1 -  Biofiltration Design Parameters
Parameter
This Study AWWA, 1990
Rapid Filtration Slow Filtration Full-scale Rapid Sand 
Filter
Bed Depth (cm.) 30 6 120-180
Flow rate (mL/min) 21 2.5 423
Hydraulic loading (m/h) 2.5 0.2 2.5-5
EBCT (min.) 7.2 15 7-12
Effective size (mm) 0.9 0.9 0.35-0.6
To characterize the hydraulic regime of the biofilters, tracer studies using nitrate 
were performed in the constructed biofilters. The mean hydraulic residence time (tmr) 
and dispersion number (D/pL) for the tracer tests were obtained from an analysis of the 
breakthrough model described in Levenspiel (1972) and Viessman and Hammer (1988). 
Details on the tracer study investigation can be found in Appendix A. It was found that 
the biofilters built behave as plug-flow with large amount o f dispersion.
6.2.3- Filter Acclimation 
To develop an active biofilm in the anthracite media, two well-mixed solutions, 
one containing Powell & Errington medium with 30 mg/L of acetate as sole carbon
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source and another with approximately 10  ̂ CFU/mL of enrichment culture suspended in 
buffered mineral medium (Table 6.3) were fed to the filters in the down flow mode and 
eontinuously reeireulated until a biolfilm was established. The solutions were fed 
separately to avoid TOC degradation in the influent tank. In addition, they were kept in 
iee bath to minimize microbial growth in the feed reservoirs. The reduction o f total 
organic carbon (TOC) in the effluent o f the biofilters was monitored and used as an 
indication that biological activity was taken plaee. When the TOC concentration started 
to decrease in the effluent, it was a strong indication that the biofilm had been 
established. A seven-day acclimation period was sufficient for biological activity 
establishment within the filter eolumns. Next, the biofilters were backwashed and a new 
filtration cycle, whieh included the addition o f microcystin and polystyrene mierospheres, 
was commenced.
6.2.4- Operation o f the Biofilters 
The biofilters were construeted to mimic actual operation of a full-scale drinking 
water biofilter. Four solutions, namely Powell medium, polystyrene particles, 
microcystin solution, and microbial cell suspension were eontinuously pumped into the 
biofilter (Table 6.3) to attain the desired hydraulic loading. The concentration of 
mierocystin-LR in the influent o f the biofilters was ehosen to be 20 pg/L. This 
eoneentration is within range of eoneentrations o f microeystin in lakes during algal 
blooms (10 to 120 pg/L) (Jones et a l ,  1994).
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Concentrated Powell & Errington medium (Table 6.2) was slightly modified. The 
original carbon source o f the medium (citric acid, glucose, L-glutamic acid, and succinic 
acid) was substituted by 30 mg/L of acetate. Aeetate was chosen because it is one the 
major targeted ozone by-products entering biofilters. The medium was sterilized by 
autoclaving at 230°C, 15 lbs o f pressure for 20 minutes.
Enriehment suspension was prepared by diluting the enrichment culture with 
buffered mineral medium solution (Table 6.3) to desired eoneentration o f approximately 
2.18 X 10  ̂ CFU/mL. The batch culture was prepared by inoculating a 1 L solution of 
30 mg acetate/L and buffered mineral medium with a bacterial culture from the Los 
Angeles Aqueduet Filtration Plant biofilters. A 1 mg/L polystyrene microsphere solution 
was used and it was prepared using autoclaved deionized water. This concentration 
represents a turbidity o f approximately 3.2 NTU, whieh is the lower range of typieal 
turbidity in lakes and rivers in the U.S. (3 to 170 NTU) (MHW, 2005).
Table 6.2 -  Biofiltration Feed Solutions
Slow Anthracite Filtration
Feed Solution Concentration Flow rate (mL/min)
Toxin 20 pg/L 1
Microbial Medium 30 mg TOC/L 0.25
Particles 1 mg/L 1
Cell suspension 10’ CFU/mL 0.25
Total flow rate 2.5 mL/min
Rapid Anthracite Filtration
Toxin 20 pg/L 18
M icrobial M edium 30  m g T O C /L 1
Particles 1 mg/L 1
Cell suspension 10’ CFU/mL 1
Total flow rate 21 mL/min.
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During the biofiltration cycle the concentration o f TOC, mieroeystin, and 
turbidity were monitored in the effluent o f the filter. Occasionally, pH and dissolved 
oxygen were also monitored in the effluent. The headloss in the filter was also monitored 
by recording the height o f the water column on the top o f the filter bed. The time to 
backwash the filter was established as being that when the effluent turbidity reached 1 
NTU. For the rapid and slow filtration tests this corresponded to filtration cyele lasting 
14 and 24 hours, respectively.
For backwashing deionized water was pumped into the filters in the upflow mode 
to expand the filter bed. Backwash loading rate o f 52 m/h resulted in bed expansion of 
30%. The backwash processes lasted 5 minutes. Backwashing removed both the 
aecumulated polystyrene microsphere and biomass from the biofilm. After backwashing 
the filters were returned to the filtration cycle to exam the effect o f backwashing on the 
capacity o f the filters to remove microcystin-LR.
Table 6.3 - Mineral Medium Used to Suspend Microbial Culture
Component Mass concentration (mg/L)
•
Phosphate buffer:
K2HPO4 21.8
• KH2PO4 8.5
• Na2HP0 4 17.7
•
Nutrients:
NaNOa 2.7
• MgS04*7H20 225
• FeCl3*6H20 &25
• CaC12*2H20 36.4
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6.2.5 - Limitation o f the Experimental Setup 
Ideally the biofilters built in the laboratory should simulate as well as possible the 
filters of a full-scale plant. However, in this experimental setup, it was necessary to take 
into consideration the limitations of the relatively small biofilter that was employed and 
that the mierocystin-LR is costly (U$ 400/500 pg o f microcystin-LR). For instance, it 
was not possible to run rapid filtration loadings greater than 2.5 m/h because o f large 
amount o f toxin required. Aceording to Hozalski (1996), laboratory-scale biofilters 
eannot mimic completely a full-scale system because the hydrodynamic conditions of full 
scale proeess do not fit in a relatively small biofilter.
Another limitation o f this experimental design was the ratio o f the diameter o f the 
column to the diameter o f the media. Aecording to Lang (1982), the ratio must be greater 
than 50 to minimize wall effects. The ratio for this study was 29.
6.2.6- TOC and Mierocystin-LR Analysis 
During a filtration cycles influent and effluent samples were collected and 
analyzed for TOC, mierocystin-LR, turbidity, pH, and dissolved oxygen. Plate counting 
was used to determine the concentration o f baeteria in the feed suspended solution of the 
biofiltration experiments. At the end of the filtration cycle samples o f anthraeite were 
taken, at top of the filter bed using a sterilized metal spatula, to determine the amount of 
biomass in the filter media. During backwashing samples were eolleeted and analyzed 
for turbidity. After baekwashing anthracite samples were again taken to determine the 
biomass remaining.
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Samples taken for TOC were placed in amber glass bottles, aeidified to pH 2 
(Standard Methods 5310 -  A, 2005) and analyzed by a Shimadzu Total Organie Carbon 
Analyzer (Model TOC -  V c p h /c p n )  coupled with a Shimadzu autosampler module (ASI-V 
model). Five point calibration o f the TOC analyzer was performed using o f potassium 
hydrogen phthalate (Shimadzu, code 449-35). The analyses were performed within 48 
hours from the collection.
Microcystin-LR was determined either by HPLC analysis or ELISA. HPLC 
analyses were performed with a Agilent Technologies 1100 LC Separation Module fitted 
with an Agilent Photodiode Array Deteetor (PDA), a column thermostat module, and a 
HP computer system. A C]g end-capped Merck Purosphere STAR-RP-18e, 3 pm 
particles, LiChroCART 5 5 x 4  mm l.D. column was used. The separation was performed 
with an isoeratic elution of acetonitrile with 0.05% v/v trifluoracetic acid (A) and 
water s- 0.05% v/v trifluoracetic acid (B), at a flowrate o f 1 mL/min. The eolumn oven 
and wavelength were set at 23°C and 238 nm, respectively. The sample injection volume 
was 200 pL. ELISA analyses were performed using a QuantiPlate^^ for mierocystins 
according to the manufacturer’s protoeol (Envirologix, Portland, ME). The detailed 
procedure is displayed in Appendix C. Absorbance in the microtiter plates was read at 
450 nm using a Microplate Reader (Bio-Rad Model 550).
Turbidity was measured with a nephelometric turbidimeter (Hach model 2100 N, 
Loveland, CO). Turbidimeter was calibrated using Hach formazin standards. Influent 
and effluent samples were analyzed immediately. Headloss was measured every time 
samples were eolleeted for turbidity. The headloss was determined by using tape- 
measurement.
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A YSI Model 58 meter was used for dissolved oxygen measurements. The DO 
meter was calibrated daily and samples were analyzed immediately. pH was measured 
with a Fisher Scientifie model AR25 and calibrated daily with a three point calibration.
Spread plates were used to determine the baeterial count in the influent to the 
biofilter. Agar plates were prepared with Powell & Errington medium (Atlas and Park, 
1997), inoculated for 48 hours at ambient temperature, and counted in accordance with 
Standard Methods (2005).
A Phospholipid Assay was used to evaluate the biomass removal by backwashing. 
The method used was developed by Findlay et al. (1989). It has been used previously in 
several biofilter studies (Urfer, 1998; Liu, 2001; Wang and Summer, 1995). The detailed 
procedure is shown in Appendix B.
6.3- Results
This study aimed to (a) investigate whether microcystin-LR can be removed by 
both slow and rapid biofiltration and (b) to evaluate the impact o f periodic backwashing 
on microcystin-LR removal efficiency by biofiltration.
6.3.1- Biofiltration Experiments Filters Acclimation 
Figure 6.2 shows the acclimation of the slow and rapid filters with TOC and the 
enriehment culture prior to the introduction o f microcystin-LR and the partieles. Both 
slow and rapid biofilters presented similar TOC degradation trend throughout the
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acclimation period. However, the slow filter was able to achieve lower TOC 
concentrations in the effluent for the same period of time. For instance, after forty hours 
o f acclimation approximately 87% of the TOC was biodegraded in the slow filter as 
compared to 63% in the rapid. For longer acclimation periods (greater than 88 hours = 
3.7 days), both slow and rapid biofilters show basically the same TOC removal with 
effluent TOC of approximately 4 mg/L. A possible explanation for this finding is that 
with time, the biofilm became sufficiently developed and could degrade TOC. Hozalski 
(1996) and (Price et ah, 1993) also found that TOC removal in biofilters are insensitive to 
filtration rates. However, several other researchers have reported the variation of TOC 
removal with filter loadings (Merlet et al., 1991; Carlson and Amy, 2001; Sontheimer 
and Hubele, 1987). The results of this researeh, for longer acclimation times, are in 
agreement with Hozalski’s.
It was decided for this research that biofilters would be backwashed when the 
effluent turbidity reached values greater than 1.0 NTU. The influent turbidity fed to the 
biofilters was 3.2 NTU. Figure 6.3 shows the effluent turbidity with time for both slow 
and rapid filters. The length o f the filtration cycle to reach greater than 1 NTU turbidity 
for rapid and slow filters was found to be 13 and 22 hours, respectively. This 
corresponds to approximately 2 and 28 liters o f water processed, respectively.
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Figure 6.3- Length of the filtration cycle.
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6.3.2- Microcytin-LR removal within slow and rapid biofilters
Figures 6.4 and 6.5 depict the microcystin and TOC effluent concentrations in 
slow and rapid biofiltration for two distinct toxin influent concentrations (i.e. 20 and 15 
pg/L). Note that during the first four hours o f run, toxin effluent concentrations reached 
values as high as 7.8 pg/L. These values are much greater than the threshold level o f 1 
pg/L (WHO, 1998). Therefore, in an actual drinking water plant, there would be a 
period, right after backwashing, during which the water produced would exceed the 
maximum permissible limit (1 pg/L) established by WHO (1998). The same behavior is 
observed for TOC degradation (Figure 6.5). As expected, a smaller microcystin influent 
concentration (i.e. 15 pg/L), resulted in lower effluent concentration in the beginning of 
the run. However, with time the effluent microcystin concentration stabilized at values 
less than 1 pg/L. This corresponds to greater than 90% removal o f the toxin.
Although most published studies on microcystin removal by biofiltration have not 
considered abiotic removal of the toxin, there have been reports o f toxin removal by clays 
(Morris et al., 2000) and soil (Miller et al., 2001). Ho et al. (2006) reported that filter 
sand does not adsorb microcystin. In this study, batch and abiotic filter tests revealed that 
approximately 30% of microcystin removed in the biofilters was by adsorption onto the 
anthracite media and the polystyrene mierospheres (Appendix D). Independent t-tests 
were performed to determine whether there is a significant difference in toxin removal 
performance between the abiotic filter column and the biofilters. The results indicated, 
with 95% confidence interval, that the difference is significant (p < 0.0001 for the slow 
biofiltration and abiotic filtration, and p< 0.0001 for the rapid biofiltration and abiotic 
filtration).
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Figure 6.4b- Mierocystin-LR removal within the rapid biofiltcr. Error bars are ± standard 
deviation
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Figure 6.5- TOC degradation within the slow and rapid biofilter. Error bars are ± 
standard deviation
Statistical analyses were performed to determine whether there is a significant 
difference in toxin removal performance between slow and rapid filters. Factorial 
analysis o f variance with repeated measures (ANOVA) o f microcystin effluent 
concentrations was performed. The results revealed, with 95% confidence, that there is 
no significant difference (p == 0.081 for filters fed 20 pg/L toxin and p = 0.157 for filters 
fed 15 pg/L toxin) between the two filters regarding microcystin removal. These 
findings are similar to those found for TOC removal by biofilter (Hozalski, 1996; Price et 
oA,1993X
Statistical analysis (p = 0.027 for slow biofiltcr and p = 0.031 for rapid filter, 
95% confidence interval) revealed that effluent concentration o f the biofiltcr is affected 
by the influent toxin concentration. This conclusion was reached by comparing the 
combined data for filtration cycles fed 20 pg/L toxin with those fed 15 pg/L. It is well
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known that biofilters performance is affected by influent concentration (Rittmann and 
McCarty, 2001).
Statistical analysis was also performed to evaluate whether stabilization reached 
after ripening was the same for rapid and slow biofilters. The results o f this analysis 
(p = 0.440, 95% confidence interval) demonstrated that the stabilization after ripening 
was the same for both filtration conditions investigated.
6.3.3- Backwash Effects 
Figures 6.6a and 6.6b show five backwash cycles for both slow and rapid 
biofilter. Figure 6.7 and 6.8 depict effluent turbidity and microcystin concentration in the 
same filters. Although the plan was to backwash the biofilters at effluent turbidity of 1 
NTU, this was not always possible due to late night sampling times. The effluent 
turbidity at which the biofilters were backwashed varied from 0.8 to 1.8 NTU. Notice 
that independent o f the filtration conditions, the backwashes yielded microcystin-LR 
breakthrough for the initial 4 hours of the filtration cycle. The microcystin-LR 
breakthroughs varied from 1.9 to 7.6 pg/L and 4.4 to 7.8 pg/L in the slow and rapid 
biofilter, respectively. Furthermore, it was observed that after this period, the biofilters 
were capable o f producing water with microcystin concentrations lower than 1 pg/L. 
When investigating the effect o f backwashing on TOC removal in biofilters, Hozalski 
(1996) also found that the effluent TOC concentration increased following the 
backwashing cycles.
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Figures 6.9 and 6.10 show microcystin and TOC breakthrough during the five 
filtration cycles for both slow and rapid biofilter. It is noted that both TOC and 
microcystin-LR present similar breakthrough patterns. That is, immediately after 
backwash their concentrations increase and then decrease with longer filter runs. The 
reason for that is the loss in biomass from the biofiltcr during backwashing. The increase 
o f microcystin and TOC concentration in the effluent few hours after backwashing is a 
strong indication of biomass loss. One o f the major concerns of backwashing biofilters is 
the losses o f biomass during the process. Ideally, the backwash process should be 
sufficient to remove deposited particles and biomass to restore the capacity o f the filters. 
However a minimum amount o f biomass must remain on the filter’s media to maintain its 
biological activity.
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Figure 6.7- Turbidity and microcystin-LR breakthrough in slow biofiltration cycles.
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Figure 6.8- Turbidity and microcystin-LR breakthrough in rapid biofiltration cycles.
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Figure 6.9- TOC and microcystin-LR breakthrough in the slow biofiltration cycles.
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Figure 6.10- TOC and microcystin-LR breakthrough in the rapid biofiltration cycles.
Data on the amounts o f biomass on the biofiiter media and the values of biomass 
losses during backwashing cycles, measured by phospholipid assay, are presented in 
Figures 6.11 and 6.12. Based on the phospholipid measurements, it is noted that the slow 
biofiiter contained higher biomass concentrations than the rapid biofiiter. The values of 
biomass on the slow biofiiter media were approximately 27% greater than those on the 
rapid biofiiter media. This was expected given the slower flow velocity o f the slow 
biofiiter. The biomass removals in the slow biofiiter are greater than that on the rapid 
biofiiter. The percentage o f biomass removed within slow and rapid biofiiter is 24% and 
17%, respectively. These biomass losses are responsible for the poor removals o f TOC 
and microcystin-LR within slow and rapid filters in the beginning of the filter cycles.
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Figure 6.11- Biomass removal in slow and rapid filtration after backwashing cycles.
Biomass Removal
o  BW3
re BW1
R 2 6 ,4 5
m Rapid Filtration 
□ Slow Filtration
3 «4,67
BWO N 9.32 228,26
% Biomass removal
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6.4- Discussion
Currently, only a few studies have discussed the removal o f microcystin-LR 
within slow (Keijola et al., 1988; Lahti and Hiisvirta, 1989; Gruetzmacher et al, 2002; 
Bourne et al. 2006, Ho et al., 2006) and rapid (Ho et al., 2006) biofilters. However, to 
the best o f my knowledge, there are no published studies on the effects o f backwash on 
the removal o f microcystin-LR by biofiltration. In the drinking water industry biofilters 
are periodically backwashed to restore clean bed headloss and it is important to know 
whether toxin removal would be maintained after backwashing. Furthermore, the studies 
published to date have used sand as filter media. This study uses anthracite because 
increasingly, biofilters are designed with thick layers o f anthracite placed on top of a thin 
layer o f sand.
The results o f this research showed that, after filter ripening, 94% and 93% 
microcystin-LR removals could be achieved within slow and rapid biofilters, 
respectively. In early pilot-scale studies with slow sand filters, microcystin removals of 
about 86% (Keijola et al., 1988), between 70 -  85 % (Lahti and Hiisvirta, 1989), 100% 
(Bourne et al. 2006) and 95% (Gruetzmacher et al, 2002) were reported. A summary of 
major parameters for all published studies on microcystin removal by biofiltration is 
displayed in Table 6.4. It can be notice in the table that only two studies (Ho et al. 2006 
and Bourne et al, 2005) were able to reach effluent microcystin concentration less than 
WHO’s standard (1 pg/L). Interestingly enough these studies were the only ones 
performed with a pure culture (i.e. genus Sphingomonas). All the other studies were 
performed using mixed microbial cultures. It can also be noted in Table 6.4 that although
158
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the influent microcystin concentration varied from 8 to 100 pg/L, lower effluent 
microcystin concentrations were obtained independently o f the influent concentration.
To date only this study and Ho et n/.’s have investigated the removal of 
microcystin within rapid biofllters. Although a mixed culture was used with anthracite as 
the filter media and Ho et al. (2006) used a pure culture o f Sphingomonas and sand as the 
filter media, similar removals were obtained. In the experiments of Ho et al. (2006), 
effluent microcystin concentration that meet the WHO’s standard were reached. The 
reason for the better performance of Ho’s filter may be attributed to the use of a pure 
culture instead o f a mixed culture. The results of this study and Ho et n/.’s demonstrate 
that is possible to achieve removal of microcystin in rapid biofiltration. This finding is 
important because in the United States rapid filtration has largely superceded slow 
filtration (Slezak and Sims, 1984). However, in Europe slow biofiltration is still widely 
used (MWH, 2003).
Table 6.4 -  Summarv of Microcvstin Removal Studies
In fluent F iltration  E B C T  F ilter
Toxin  rate  (m /h) (m in .) M edia
(Mg/L)____________________________________
R em oval E stim ated  
% effluent
_____________con c. (pg/L )
R eference
50-100 0.0165 1,800 Sand 100 <2.0
8-40 0.03 27 0 -
1,080
Sand 95 <2.0
38-58 0.085 168 Sand 86 <8.0
1 5 - 6 0 0.085 168 Sand 70 -  85 <9.0
20 0.3 -  2.4 30-7 .5 Sand 100 < 0.025
20 0.29-2.5 1 5 -7 Anthracite 93 -  94 < 1.2
Bourne et al. 
(2006) 
Grutzmacher 
et al. (2002)
Keijola et al.
(1988)
Lahti et al.
(1989)
Ho et al. 
(2006)
This study
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It was hypothesized in this investigation that backwashing might affect the 
removal o f microcystin-LR in biofilters. It was observed that backwash events affected 
microcystin removal performance only during the first hours following backwash. This 
is the direct result o f biomass loss during backwashing and with time the biofilm is 
reestablished in a process termed ripening. When the biofilm has reached the ripening 
phase, the system reaches steady-state with high removals o f microcystin-LR. This is the 
first report on the effects o f backwash on microcystin removal within biofiiter and 
therefore the findings o f this study cannot be compared with others. However, there have 
been studies on the influence o f backwashing on the removal o f total organic carbon 
(TOC) by biofiiter.
The effects o f  backwashing on TOC removal within biofilters using chlorinated 
and nonchlorinated backwash water have been investigated. Nonchlorinated backwash, 
as applied in this research, has been reported to affect the removal o f TOC by biological 
filters only immediately after the first backwashing cycle (Hozalski 1996; Hozalski and 
Bouwer, 1998). In the subsequent cycles the effect o f backwashing on TOC removal was 
insignificant. However, other researchers have found that both chlorinated and 
nonchlorinated backwash water have only a minor effect on TOC removal (Miltner et a l, 
1995 and Emelko et al., 2006) In this study, it was found that backwashing affects both 
microcystin and TOC removals (Figures 6.4 and 6.5). The higher TOC concentrations 
found in the biofiiter effluent in this study may be explained by the higher TOC influent 
concentration used (i.e. 30 mg/L) as compared to the lower concentrations used in other 
studies (Table 6.4). Furthermore, the EBCT used in this study (i.e.7 to 15 minutes) is 
much shorter than those used in previous studies (Table 6.4). Several researches have
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reported on increasing TOC removal with longer ( 1 5 - 2 0  minutes) EBCT (LeChevallier 
et al., 1992, Prévost et al., 1990, and Sontheimer and Hubele, 1987).
Table 6.5 -  Summary o f Studies on TOC Removal by Biofiltration
EBCT (min) Biomass 
removal (%)
Backwash type TOC
breakthrough
BW Duration 
(min.)
Reference
1 7 .0 -3 6 .0 21 Air scour and no air No -
Emelko et al. 
(2006)
- -
Chlorinated water 
Nonchlorinated 
Air scour
Yes
No
Yes
4
Ahmad et al. 
(1998)
- 22
Chlorinated water 
Nonchlorinated
Yes
No 10
Miltner et al. 
(1995)
7.0 2 0 - 4 0
Chlorinated water 
Nonchlorinated 
Air scour
Ye
No
Yes
10
Hozalski and 
Bouwer (1998)
9.0 45
Ionic strength 
Air scour
-
10
Amirtharajah 
et al. (1999)
7 .0 -1 5 .0 1 9 - 2 7 Water Yes 5 This study
In this research, the results of microcystin-LR degradation by the biofilters 
operated under slow and rapid filtration regimes suggested a direct relationship between 
toxin removal and biomass losses during backwashing. Considerable amounts of 
biomass were removed during backwashing events (25% in slow anthracite biofiiter and 
19% in rapid anthracite biofiiter) and resulted in high effluent toxin concentrations 
immediately after backwashing. In previous studies, however, the insensitivity o f TOC 
removal to biomass concentrations has been reported (Huck et al. 2000; Hozalski, 1996; 
Emelko et ah, 2006). These studies demonstrated that the biomass removed during 
backwashing is not directly related to the degradation o f  TOC. They concluded that even 
though massive amounts o f biomass were removed during backwashing, the residual 
biomass in the filter was able to sustain effective TOC removals. In this study, it seems 
that the TOC effluent concentration during the ripening period is the result of the smaller
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concentration o f biomass, shorter EBCT and a higher influent TOC concentration. The 
fact that the TOC and microeystin reaehed steady-state after a ripening period explains 
the effect o f the biomass concentration on the effluent quality.
Statistical analysis (p = 0.019, 95% confidence interval) showed that microcystin 
removal during the first filtration cycle was less effective than in consecutive cycles. The 
superior removal in these cycles could be attributed to the previous exposition of the 
biofilm to microcystin-LR in the first cycle. It has been demonstrated in several 
biodégradation studies that microcystin-LR can be degraded faster onee the bacteria are 
exposed to the toxin (Jones and Orr, 1994, Chistoffersen et al., 2002; Jones et al., 1994).
Microcystin-LR removals below 1 pg/L were achieved only few hours after 
backwashing. Therefore, in an actual drinking water plant, the water produeed in the 
beginning of the filtration cycle would not be of drinkable quality. In drinking water 
filters, even those that are not biologically active, there exists a ripening period o f 15 
minutes to 2 hours during whieh the effluent turbidity rises and then falls to acceptable 
limits. The water produeed during this period is either discharged to waste or recycled to 
the head o f the plant (MWH, 2003). If a biofiiter was used for microcystin removal, then 
the water produced during the ripening period would have to be recirculated. It is 
common practice in biofiiter operation to recirculate the water back to the head of the 
plant because o f the potential presence o f microorganisms. Recirculating filtered water 
results in loss in water productivity.
Modem filter design practice calls for a water recovery o f 95% in filtration 
(MWH, 2003). Recovery is the ratio between net water produced (total volume of water 
produced during one cyele minus the volume o f water required to backwash minus
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volume o f water processed during ripening and total volume of water produced per cycle. 
Given that the drinking water industry aims to maximize its production, high water 
recoveries are desirable. The results o f this study show that the microcystin 
breakthroughs occurred for approximately 4 hours before the filters reached steady-state. 
In general, the ripening period in filters operated to remove particulates only have 
ripening period of 15 minutes to 2 hours. Therefore, operating filter for microcystin 
removal would result in lower water recoveries. The water recovery for the slow and 
rapid biofilters operated in this research was 36% and 47%, respectively. (Appendix F).
Another potential alternative would be to blend the water processed by the 
biofilters during the ripening and determine whether the blended water can meet 1 pg/L 
of microcystin-LR. It would be possible if  some the filters in an actual plant are capable 
of producing water with 1 pg/L toxin and compensate the ones that are not.
In summary, in this research, it was demonstrated that at steady-state, biofiltration 
may be a potential technology for the removal o f microcystin-LR under slow and rapid 
conditions. However, the impact o f backwashing on microcystin removal, points out 
some limitations for this treatment process. Because o f the long ripening period needed 
until steady-state is reached, the water recovery is significantly reduced. Previous studies 
have established biofiltration as a potential technology for the removal o f microcystin. 
The results o f this study, which accounts for the effects o f backwashing on biofiltration, 
indicate that this technology, at its current stage o f development, would be suitable for 
systems where high water recovery is not a priority.
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CHAPTER 7
NONSTEADY-STATE BIOFILM MODEL RESULTS 
In order to simulate the removal of TOC (i.e. acetate as primary substrate) and 
microcystin-LR (secondary substrate), by the nonsteady-state biofilm model developed 
by Rittmann and McCarty (2001), the input parameters listed in Tables 7.1 and 7.2 were 
used. The biofilm model requires specific parameters o f the experimental biofilter such 
as filter depth, filter inner diameter, filter media diameter, porosity and flow rate. It also 
requires the biodégradation kinetics parameters K, and k. Kg is the Monod half-velocity 
coefficient and k the maximum specific substrate utilization rate. In addition, the 
molecular diffusion coefficients for the substrates in the water (D) and within the biofilm 
(Df), the depth o f the boundary diffusion layer (L), the biofilm thickness (Lf), and biofilm 
density (Xf) are required.
7.1- Determination of Physical Parameters 
The physical parameters input to the biofilm simulation were obtained from the 
biofilter experimental setup and include bed depth, the diameter o f filter column, the 
diameter o f the biofilter media, the porosity, and the flow rate. These parameters were 
kept the same for the primary and secondary substrate removal simulations.
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7.2- Determination o f Biodégradation Parameters 
The values o f the biokinetic coefficients (Monod kinetics) o f acetate degradation 
Kg and k were obtained from Hozalski’s (1996) study. The biodégradation parameters of 
microcystin-LR were estimated from Park et al.'s (2001) and from biodégradation tests 
performed for this study using a pure culture o f  Morganella morganii.
Maximum Specific Substrate Utilization Rate (kl Estimation
Park et al. (2001) determined microcystin-LR biodégradation rates by Sphingomonas 
using different toxin concentrations and monitored the cell growth with time. The set of 
data generated from their studies was used in this study to determine the kinetic 
parameters for microcystin degradation. Based on batch test experiments performed in 
this study (Figure 5.13) it can be assumed that the degradation kinetics o f microcystin by 
Sphingomonas and Morganella morganni are very similar. The maximum specific 
substrate utilization rate (k) was determined by the ratio between the maximum toxin 
degradation rate (mg/L/day) and the cell density (i.e. CFU/mL) computed during the 
biodégradation tests. The colony-forming unit was converted to milligram o f suspended 
solids in order to obtain the maximum specific substrate utilization in milligram of toxin 
per milligram o f suspended solids per day. For these calculations, a bacterial size of 2 
pm was eonsidered. Thus, a 10  ̂ CFU/mL corresponds to a cell concentration of about 
4.025 mg VSS/L. From Park et al.’s (2001) data, a k value o f 1.24 mg of toxin/mg of 
SS.day was obtained.
Conversion colony-forming unit to milligram of suspended solids:
Assuming a bacterial size = 2 pm
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Bacterial diameter = 1 pm
Bacterial density -  1.007 Kg/L = 1.007 g/ cm^
V = n X (0.5 X 10'®) X 2 X 10 * = 1.6 x 10'*  ̂m^ = 1.6 x 10'*  ̂cm^
M = Density x Volume
M = 1.007g/em^ x 1.6 x 10'*  ̂cm^ = 1.61 x 10'’  ̂g = 1.61 x 10'^ mg
2.5 X 10* cells/mL x 1.61 x 10'^ mg = 4.025 mg VSS/L
then,
k = maximum specific substrate utilization rate 
Smgjof ioxin! day
k  =
4.025mg-.F5'5'
12Am g.of Joxin 
mg.VSS.day
Table 7.1 -  Parameters used for acetate biofilm model simulation.
P aram eter V alu e U nits Source
Physical Parameters
Filter depth 0.305 m This study
Diameter o f  the filter column 2.54 X 10'^ m This study
Anthracite media diameter 5.1 X 10"̂ m This study
Porosity, e 0.45 This study
Flow rate, Q 4.2 X 10'* mVs This study
Temperature, T 22.5 °C This study
Primary Substrate Properties and Biokinetic Constants
Substrate Acetate
Influent concentration, S® 30 X 10'^ mg/cm^ This study
Diffusivity in water, D 1.05 cm^/d This study
Diffusivity in biofilm, Df 0.85 cm^/d This study
Max. specific substrate utilization rate, k 12 mg/mg VS.d Rittmann and McCarty, 2001
Half-velocity coefficient, K; 0.47 mg/L Hozalski, 1996
Boundary diffusion layer thickness, L 0.02 cm This study
Biofilm  density, Xf 5.0 mg VS/cm^ Rittmann and McCarty, 2001
Dispersion number 0.15 This study
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Table 7.2 - Parameters used for microcvstin-LR biofilm model simulation.
P aram eter V alue U n its Source
Physical Parameters
Filter depth 0.305 m This study
Diameter o f  the filter column 2.54 X 10'^ m This study
Anthracite media diameter 5.1 X 10"* m This study
Porosity, 6 0.45 This study
Flow rate, Q 4.2 X 10'* m^/s This study
Temperature, T 22.5 ”C This study
Secondary Substrate Properties and iBiokinetic Constants
Substrate M icrocystin
Influent concentration, S® 2 0 x  10® mg/cm^ This study
Diffusivity in water, D 0.193 cm^/d This study
Diffusivity in biofilm, Df 0.154 cm^/d This study
Max. specific substrate utilization rate, k 1.24 m g/mg VS.d Park et al., 2001
Half-velocity coefficient. Kg 2.5 mg/L Park et al., 2001
Boundary diffusion layer thickness, L 0.02 cm This study
Biofilm density, Xf 5.0 m g VS/cm^ Rittmann and McCarty, 2001
Dispersion number 0.15 This study
To confirm Park’s data, batch experiments were performed in this study to 
determine the maximum specific substrate utilization rate and the Ks value for a pure 
culture o f Morganella morganii. The k value computed was about 0.06 mg of toxin/mg 
o f SS.day. This lower k value, as compared to Park et al.'s, is probably due to limitations 
on the experimental set-up. For this specific test a 100 mL bioreactor was used and 5 ml 
of sample were taken out o f the reactor with time. It is likely that errors on solids 
measurement occurred due to the small volume of sample used, resulting in a much lower 
k value. Unfortunately the high cost of the toxin and analytical methods make it 
unfeasible to repeat the kinetics study. Therefore, it was decided to estimate Kg using 
Park’s data.
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Monod's Half-velocity (Ks) Estimate
The Monod’s half-velocity (Kg) was estimated graphically using linearization 
models of Michaelis-Menten equation. Three linearization models were used, 
specifically Lineweaver-Burk, Hanes and Hofstee. The kinetic relationship between the 
rate o f substrate utilization and substrate concentration (Michaelis-Menten equation) is 
expressed as follow:
V  =  k - ^ —
where,
V = the substrate utilization rate, k = the maximum specific substrate utilization rate, S = 
the substrate concentration and Kg is the substrate concentration at which one half the 
maximum specific substrate utilization rate occurs (k/2).
1 1 K,
K A:
A plot o f 1 A/ versus 1/S data reported by Park et al. (2001) shows that the slope is 
equivalent to Ks/k and the intereept is 1/k (Figure 7.1). From the Lineweaver plot a Kg 
value of 2.4 mg/L was computed (Figure 7.2).
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1A/
m = KJk
1/k
0 1/S
Figure 7.1- Lineweaver linearization plot using the reciprocal o f the maximum substrate 
utilization rate on the y axis and the reciprocal o f substrate concentration on the x axis.
L in ew eav e r L ineariza tion
0.35
0.25 '
y = 0.6859X + 0.1433 
R: = 0.9398
0.15
0.05
0 0.05 0.1 0.15 0,2 0.25 0.3 0.35
1/S
Figure 7.2- Lineweaver linearization plot of the microcystin degradation tests data from 
Park et al ’s (2001) study.
The Hanes linearization multiplies both sides o f the Lineweaver equation by S:
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g  ^  7 ,̂
V k k
The k is equivalent to the slope o f a plot of S/V versus S and Ks/k is equivalent to 
the intercept (Figure 7.3). From the Hanes linearization plot it was estimate a Ks value of 
2.75 mg/L (Figure 7.4). Both Hanes and Lineweaver models fit the data well and give Ks 
values of 2.75 mg/L and 2.4 mg/L. An average Ks of 2.5 mg/L used in the model.
SA/
m= 1/k
KJk
0 8
Figure 7.3- Hanes linearization plot displaying the ratio of substrate concentration and 
substrate utilization rate on the y axis, and substrate concentration in the x axis.
H anes L inearization
(0
4
3.5 
3
2.5 
2
1.5 
1
0.5
0
y = 0.1342X + 0.7459 
I f  = 0.9888
0 5 10 15 20 25
Figure7.4- Hanes linearization plot of the microcystin degradation tests data from Park et 
al.'s (2001) study.
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In the Hofstee method, both sides o f Michaelis-Menten equation are multiplied by 
(Ks + S) and then divided by S:
V = k- (K, ->V) IC,
From a plot o f V versus V/S, Ks and K can be computed. The slope is equivalent 
to the Ks and the intercept equals to k (Figure 7.5). The results o f the Hofstee 
linearization yielded a Ks o f 2.5 mg/L (Figure 7.6).
k
m = -K,
V
0
0 V/S k/K
Figure 7.5- Hofstee linearization plot showing the substrate utilization rate on the y axis 
and the quotient o f substrate utilization by substrate concentration.
H ofstee  L inearization
7
6
5
4
y =-4.9556x + 7.1279 
R: = 0.871
3
2
1
0
0 0.2 0.4 0.6 0.8 1
V/S
Figure 7.6- Hofstee linearization plot o f the microcystin biodégradation tests data from 
Park et al.'s (2001) study.
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A batch experiment using high concentration of Morganella morganii (1,330 
mg/L) and 100 pg/L o f microeystin-LR was performed in order to estimate the Ks value 
for this study. In the test, the degradation of microcystin and suspended cells 
concentration were monitored with time. Then, the microcystin degradation rate versus 
time was plotted. By definition, when the substrate utilization rate per mass o f cells 
equals one-half o f the maximum utilization rate, the substrate concentration equals to Ks. 
Ks can be determined only if the cells concentration during the experiment remains 
constant. The results o f the batch experiment show a variation o f cells concentration over 
time (1,330 -  1,510 mg/L), and the Ks value cannot not be accurately estimated. 
Therefore, the values estimated from the data published by Park et al. (2001) were used. 
The linearization plots for the data generated in the batch experiment in this study are 
displayed in the Appendix G.
7.3- Simulation o f TOC Removal by the Biofilm 
Prior to model the removals of TOC and microcystin for different biofilm 
thickness, it was decided to calibrate and evaluate the reliability o f  the model using TOC 
effluent data published in the literature. The most comprehensive biofiltration TOC data 
for acetate biofilms has been published by Hozalski (1996). He used an influent TOC 
concentration (2.5 mg/L) and biofilm thickness (0 -  30 pm) in his work. Figure 7.7 
depicts the simulated biofilm data obtained by Hozalski. In Hozalski’s (1996) simulation 
the modeled TOC effluent concentration for a biofilm thickness o f 30 pm was less than 
0.5 mg/L using a nonsteady-state model. In the pseudo-analytical model performed for
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this study, the simulated TOC effluent concentration o f 0.3 mg/L was obtained for the 
same biofilm thickness. The results of the model are slightly smaller than the value 
found by Hozalski’s and demonstrate the reliability o f the pseudo nonsteasy-state biofilm 
model used.
2.7
O)
0.6
Biofilm th ic k n e s s  (urn)
Figure 7.7 -  Nonsteady-state modeled TOC removal using Hozalski’s TOC influent 
concentration and biofilm thickness data.
Figure 7.8 shows the modeled concentration o f TOC in the biofilter filter effluent 
for varying biofilm thicknesses. The biofilm thickness varied from the range of typical 
thin biofilm (< 3000 pm) to thick biofilm (> 3000 pm) Rittmann and McCarty (2001). 
These data indicate that the primary substrate utilization is directly related to the biofilm 
thickness, as expected. It was noted that, for a fixed influent TOC concentration (25 
mg/L), as the biofilm becomes thicker the primary substrate removal increased. Note that 
to reach a TOC o f 4 mg/L in the filter effluent a biofilm thickness o f about 3,000 pm is 
needed. These results were expected given that the primary substrate is utilized for cell 
growth and maintenance. Additional simulation was performed for an influent TOC
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concentration o f 10 mg/L (Figure 7.8). A thinner biofilm (1,800 pm) would be sufficient 
to remove the TOC completely.
A normalized plot o f the TOC concentrations (Ceffiuent/Cinfiuem) (Figure 7.9) shows 
that, for example, a fixed biofilm thickness (400 pm), results in 50 % remaining TOC for 
the 10 mg/L influent and 72 % remaining for the 25 mg/L. This is due to the fact that 
higher influent substrate concentration yields higher effluent concentration.
Biofilm th ic k n e s s  v s . TOC rem oval
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Figure 7.8- Biofilm model simulation showing the dependence o f the biofilm thickness 
and TOC removal. Thick-thin boundary based on Rittmann and McCarty (2001) study.
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Figure 7.9- Normalized TOC concentration plot. Thick-thin boundary based on Rittmann 
and McCarty’s (2001) study.
Figure 7.10 contrasts simulated TOC removals with actual values obtained 
experimentally in this research for a rapid biofilter. The simulation mimics a thinner 
biofilm (1,400 pm) right after backwashing and a thicker biofilm (> 3,000 pm) as the 
effluent TOC reaches steady state. Because it was not possible to measure the biofilm 
thickness experimentally, it was decided to use biofilm thicknesses that gave TOC 
concentrations most close to the ones predicted by the model. The biofilm thickness 
values used resulted in a good agreement between the model simulations and the 
experiments results. However, the model slightly overestimated the TOC concentration 
within the ripening filter period (1400-1800 micrometer biofim thickness). Figure 7.10 
also provides some insight into the potential amount of biofilm removed during 
backwash. Notice that the TOC removal stabilized after biofilm thicknesses of about
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4000 |4,m. The biofilm thickness that results in initial TOC concentrations o f about 16 
mg/L is about 1400 gm. Therefore, about 65% of the biofilm thickness was removed 
during backwash resulting in less TOC removal during the ripening period.
16
Influent TOC = 30 m g/L
1400 1800 2200 2600 3000 3400 3800
Biofilm T h ic k n e s s  (um )
4200 4600 5000
-#—  Model -  -  - G  -  -  -  E xperim ent
Figure 7.10- Simulated and measured effluent TOC concentration with varying biofilm 
thickness.
7.4- Simulation o f Mierocystin-LR Removal on the Acetate-grown Biofilm 
The biofilm model simulations for selected biofilm thickness with microcystin- 
LR removals are depicted in Figure 7.12. Similarly to TOC, It also noted the modeled 
toxin removals increased with increasing biofilm thickness. It was hypothesized in this 
research that microcystin is a secondary substrate and therefore does not contribute to 
biofilm growth. The biofilm thicknesses estimated from the TOC removals simulation 
were used for the microcystin removal simulation Figure 7.12. Notice in Figure 7.12 that
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during the ripening period, the model predicted much lower toxin concentrations than the 
ones measured for the same guessed biofilm thickness. However, the conditions for the 
model predictions were made using microcystin as sole carbon substrate, where 
experiments were performed using two substrates (TOC and microcystin). The higher 
concentrations o f microcystin in the effluent during the ripening period may due also to 
its low diffusivity in the biofilm (0.154 cm^/day).
M icrocystin-L R  biofilm  sim u la tio n
10.0
D)
in flu en t Toxin = 20 J  g/L
0.0
1400 1800 2200 2600 3000 3400 3800 4200 4600 5000
Biofilm T h ic k n e s s  (um )
—  Model - -A - Experiment
Figure 7.11- Simulated and measured Microcystin-LR effluent concentration with 
varying biofilm thickness.
TOC and microcystin removals with biofilm thickness were plotted in Figure 
7.12. For the same biofilm thickness the percentage removal o f microcystin was always 
larger than that o f TOC. The same behavior was observed with data o f the biofiltration
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experiments (Figure 7.13). Note that, after a biofilm thickness of 2,200 pm, both 
microcystin and TOC present a slope break for the experimental data and for the modeled 
simulation the slope declines.
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Figure 7.12- Simulated TOC and microcystin percentage removals after backwashing.
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Figure 7.13- Measured TOC and microcystin percentage removals after backwashing.
In conclusion, the results o f biofilm model prediction using estimated biofilm 
thickness indicated a better agreement with the TOC experimental data than with the 
microcystin’s data. During the ripening period, the simulation showed smaller toxin 
effluent concentration than the ones obtained experimentally. The higher concentration 
of microcystin in the effluent o f the biofiltration experiment during the ripening period 
may be related to two factors: a) the low diffusivity o f microcystin in the water and in the 
biofilm, and b) the large dispersion within the filter column. Levenspiel (1972) describes 
a dispersion number o f 0.2 as indicative o f a plug-flow reactor with large amount of 
dispersion. The biofilter system evaluated in the study fits in the flug-flow with large 
amount of dispersion range. The low diffusivity o f microcystin in the biofilm coupled 
with the large dispersion within the biofilter may contribute to a larger toxin mass 
transfer from the influent to the effluent of biofilter. TOC (acetate), on the other hand.
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presents diffusivity in the water and in the biofilm approximately 10 times higher than 
that o f microcystin and may be less sensitive to dispersion than microcystin. In addition, 
it must be taken into consideration that for the modeled simulation, microcystin-LR was 
used as sole substrate, where in the biofiltration experiments acetate and microcystin 
competed.
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH
8.1- Conclusions
In this research, the hypothesis that the biological degradation o f the 
cyanobacteria toxin mieroeystin-LR may occur within drinking water biofilters at typical 
empty bed times was investigated. To test the hypothesis, biological experiments were 
used to determine whether the bacteria that inhabit biofilms are capable o f degrading 
microcystin, and slow and rapid biofiltration experiments were performed to verify 
whether microcystin can be removed by biofiltration. In addition, the impact of 
backwashing on microcystin removal was investigated and microcystin removal was 
simulated using a nonsteady state biofilm model. Specifically, the major conclusions of 
this study are:
1) In this study, the bacterial culture enriched from anthracite media from operating 
biofilters (LAAFF) and Lake Mead were able to degrade microcystin aerobically 
using the toxin as the sole carbon source and secondary substrate.
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2) A newly recognized microeystin-LR degrader was identified, Morganella 
morganii. This bacterium was found in both the anthracite media and in Lake 
Mead. Currently only one bacterium closely related to the genus Sphingomonas 
has been reported to be capable o f degrading microcystin-LR. The fact that one 
more microeystin-degrading bacterium has been isolated from filters and from a 
fresh water lake indicates that microeystin-degrading bacteria may be prevalent in 
the environment. Pseudomonas sp. were also found in Lake Mead and were able 
to degrade microcystin.
3) The presence o f additional carbon source affected the degradation of microcystin- 
LR. Acetate, a readily biodegraded organic compound, was preferably utilized by 
the mixed culture and the degradation o f microcystin-LR (a cyclic peptide) is 
delayed until the concentration o f acetate is significantly diminished. Because all 
surface waters contain TOC from natural organic matter, in biofilters, 
mierocystins and biodegradable NOM will compete. Therefore, lower toxin 
removals are likely in biofilters that treat water containing high NOM levels.
4) It was demonstrated that at steady-state, biofiltration may be a potential 
technology for the removal o f microcystin-LR under slow and rapid filtration 
conditions. However, the impact o f backwashing on microcystin removal, points 
out some limitations for this treatment process. Because of the long ripening 
period needed until steady-state is reached, the water recovery is significantly 
reduced. Previous studies have established biofiltration as a potential technology
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for the removal o f microcystin. The results o f this study, which accounts for the 
effects o f backwashing on biofiltration, indicate that this technology, at its current 
stage o f development, would not be suitable for systems where high water 
recovery is a priority.
5) The results o f biofilm model, using estimated biofilm thickness, indicated a better 
agreement with the TOC experimental data than with the microcystin’s data. 
During the ripening period, the simulation showed smaller toxin effluent 
concentration than the ones obtained experimentally
8.2 - Recommendations for Future Work 
Much work can still be performed to better investigate microcystin-LR removal. The 
following are recommendations for future research:
1) Experiments are needed to determine the presence and diversity o f microcystin- 
LR degrading bacteria in biofilters. Assuming that these bacteria may be 
prevalent in the environment, it would be useful for the drinking water industry to 
know whether other bacteria that inhabit biofilters are capable o f degrading 
microcystin. More operating biofilters and water reservoirs should be sampled to 
isolate and identify microeystin-degrading bacteria. It would be also a significant 
contribution to sample fresh water lakes where cyanobacterial blooms have never 
occured and compare to the ones with historical blooms.
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2) Research is needed to determine whether there are sufficient microeystin- 
degrading bacteria in drinking water biofilters to yield complete toxin removals. 
If  sufficient number o f bacteria is not present in operating biofilters, the water 
treatment plants may not be able to meet the WHO microcystin standard of 1 
pg/L.
3) Reports on the impact o f additional carbon source on the biodégradation of 
microcystin are still controversial. Christoffersen et al. (2002) reported a 
simultaneous degradation o f organic matter and microcystin. In this study, the 
presence o f additional carbon source affected significantly the degradation of 
microcystin. Therefore, further investigation is needed to determine the 
interdependence of microcystin (secondary substrate) and biodegradable organic 
matter (primary substrate). A TOC concentration varying from 15 to 30 mg/L, 
which is the gap o f TOC concentration between this study and Chistoffersen et 
al.’s (2001), would be a good range to be used in future investigations.
4) To date, there are several studies that successfully demonstrated the removal of 
microcystin within slow biofilter. Only this study and Ho et al.’s (2006) have 
investigated the removal of microcystin within laboratory-scale rapid filters. 
These studies, however, investigated the removal o f microcystin using a filtration 
rate of 2.5 m/h, which is the lowest range of rapid filtration in the U.S. There is a 
need o f more research on the removal of cyanobacterial toxins within pilot-seale 
rapid filters using higher range o f filtration rates. It was not possible to use high
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filtration rates in this study due the high cost o f the toxin and the limitations of a 
laboratory-seale biofilter. Future studies should consider growing algae to extract 
toxin to minimize cost.
5) Periodic backwash yields high concentrations o f microcystin and TOC in the 
effluent o f  the biofilters for at least four hours. As a result, less potable water is 
produced and lower water recoveries are reached. Backwash methods using 
nonchlorinated water should be investigated in order to minimize the impact of 
backwashing on drinking water production. High water recovery is a must (> 95 
%) in all plants. Different backwash loadings and duration should be tested and 
their impacts on microcystin removal should be evaluated and compared. In 
addition, more research is needed to determine the effects o f filter media in the 
retention and loss of biomass during backwashing.
6) More kinetic studies regarding microcystin degradation are also needed so that 
biofilm models can be improved. The most critical kinetic parameters to be 
determined are the Monod’s half-velocity constant, the maximum specific 
substrate utilization rate and the microbial yield. The kinetic parameter 
estimations should be performed using pure microeystin-degrading bacteria 
because it will generate accurate input data for modeling.
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7) The current studies on the removal microcystin-LR by slow and rapid filtration 
have use toxin concentrations in the part per billion range, 20 to 130 pg/L, which 
is the typical concentration during toxic algal blooms in lakes. However, 
presently there are no published studies using higher toxin concentrations. It is 
important to know what toxin concentration ranges drinking water biofilters can 
remove. The results o f this further investigation would be fundamental to forecast 
whether the drinking water plants are prepared for a massive algal bloom with 
much higher toxin concentrations.
8) More experiments are needed to estimate biofilm thickness so that model 
predictions can be improved.
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APPENDIX A
PROTOTYPE FILTER TRACER STUDY
Tracer tests have been used to characterize the hydraulic regime of a reactor 
(Viessman and Hammer, 1998; Bhattarai and Griffin, 1999; Levenspiel, 1972). The test 
is performed with a conservative tracer that is injected into the flow entering the reactor 
and the effluent tracer concentration is measured with time (Bhattarai and Griffin, 1999). 
Although most commonly used design for filter assume the flow pattern typical of plug 
flow reactor (Viessman and Hammer, 1998; Bhattarai and Griffin, 1999), tracer tests 
were performed in this research to verify this assumption. The tracer tests were 
performed using clean media (no biofilm) to the desired bed depth and the filters were 
run at three different hydraulic loading rates 3.0 m/hr, 1.2 m/hr, 0.6 m/hr and no recycle. 
Sodium nitrate (NaNOg) was used as a conservative solute (tracer). Distilled water was 
pumped into the column to saturate the system, and lastly, a 10 mg/L NaNOs solution was 
introduced into the column. The setup used in the tracer experiments was similar in 
configuration to typical rapid and slow filtration conditions used in the biofiltration 
experiments. The nitrate concentration in the effluent was measured using 
Spectrophotometry (Hach model DR/3000, method 10020).
The plots o f the primary tracer studies are displayed in Figures A l, A2 and A3. 
The values o f the mean hydraulic residence time (tmr) and dispersion number for the 
tracer tests were obtained from an analysis o f the breakthrough model described in
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Levenspiel (1972) and Viessman and Hammer (1988). The dispersion increases as the 
hydraulic loading rate increases. Levenspiel (1972) describes a dispersion number o f 0.2 
as indicative o f a plug-flow reactor with large amount of dispersion. The biofilter system 
evaluated in the study fits in the flug-flow with large amount o f dispersion range (Table 
4.5). The filter showed a typical tracer response curve present in the literature 
(Levenspiel, 1972; Viessman and Hammer, 1998). Tracer tests were also performed with 
media from the SNWS.
Table A - Tracer studies results
Experiment HLR (m/hr) tmr (min) Dispersion Number
T1 0.02 65 4 0.120
T2 1.2 65.6 0.14
T3 3.0 65.1 0.15
Tracer test
Time (mln)
1.20
1.00
0.80 
O 0.60
o
0.40
Mean residence time = 65.0 mil 
HLR = 0.02 nVhr 
Dispersion = 0.12
0.20
0.00
20.5 1.50 1
Figure A1 -  Tracer test plot o f the filter column at 0.02 m/h filtration rate.
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Tracer test
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Ü
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Mean residence time = 65.0 min 
HLR = 1.2 rrVhr 
Dispersion = 0.14
0.40
0.20
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20 1 1.50.5
Time (min)
Figure A2 -  Tracer test plot of the filter column at 1.2 m/h flow rate.
I  racer test
1.20
1.00
0.80
0.60 Mean residence time = 63.5 min 
HLR = 3.0 nVhr 
Dispersion = 0.150.40
0.20
0.00
21.510.50
Time (min)
Figure A3 -  Tracer test plot o f the filter column at 3.0 m/h flow rate
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APPENDIX B
PHOSPHOLIPID ASSAY
For the measurement o f biomass or biomass activity in drinking water biofilters, 
the phospholipid method has been considered one the most reliable and convenient 
methods (Findlay et a l ,  1989; Wang et al., 1995; Miltner et al., 1995; Coffey et a l ,  1995; 
Urfer and Huck, 2001). The purpose of biomass measurements using phospholipids 
assay method in this study is to evaluate the biomass removal by backwashing. The 
results of biomass measurements in conjunction with the model simulation results will be 
important to determine the extension o f backwashing effects on microcystiln-LR 
removal.
The phospholipid method is considered relatively simple and requires only 
standard laboratory equipment; however, the whole procedure is time consuming and 
very labor intensive (Urfer and Huck, 2001). The method quantifies the viable biomass, 
but does not measure the microbial activity (Urfer and Huck, 2001; Wang et al., 1995). 
Phospholipids are present in the membrane of living cells. The biomass concentration 
can be quantified by measuring the organically bound phosphorus according to the 
method developed by Findlay et al. (1989). The organically bound phosphorus is 
extracted and digested to inorganic phosphate followed by spectrophotometer analysis.
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Table B l -  Analytical procedure for phosholipid biomass measurement (Urfer, 1998)
Extraction
1- Transfer between 0.1 and 1 g of media to a 20-mL EPA vial ( the amount of sampled media 
must yield an amount of phospholipids < 40 nmol).
2- Add 1.8 mL of DI, 5 mL of methanol and 2.5 mL of chloroform in this order (the final solution 
must be a single-phase).
3- Mix at low speed on an shaker table for about 10 minutes, let stand overnight for extraction.
4- Add 2.5 mL of chloroform and 2.5 mL DI in this order, let stand for phase separation for about 
30 minutes.
5- Remove upper layer (MeOH-H^O) with Pasteur pipette (to waste).
6- Transfer lower layer (chloroform) to Hach® vial (used for COD-measurement) with Pasteur 
pipette.
7- Remove solvent (chloroform) under a stream of nitrogen.
Digestion
8- Add 1.1 mL of potassium persulfate solution (5% potassium persualfate in 0.36 N sulfuric 
acid).
9- Close vial tightly and digest at 95-100 °C overnight in an oven.
Quantification
10 - Let it cool down, then add 0.2 mL of ammonium molybdate solution (2.5% - (NH4)aMo7024-
4 H2O in 5.72 N sulfuric acid), wait 10 minutes.
11 - Add 0.9 mL of malachite green solution (0.011% malachite green in 0.111% polyvinyl
alcohol solution), wait 30 minutes.
12 - Measure absorbance @ 610 nm, use reagent blank (potassium persulfate, ammonium
molybdate and malachite green) to zero the instrument.
13 - Convert to nmole of lipid phosphate using a standard curve established using inorganic
phosphate (K2HPO4).
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APPENDIX C
DETERMINATION OF MICROCYSTIN-LR WITH ELISA 
Enzyme Linked Immunosorbent Assay (ELISA) has been proven to be a sensitive and 
rapid method for detection of microcystin-LR concentration in environmental samples. 
Two ELISA methods have been developed: one for detecting antigen (direct ELISA) and 
the other for detecting antibodies (indirect ELISA) (Brock and Madigan, 1991). The 
direct ELISA method is used for analysis where the antigen is “trapped” between two 
layers of antibodies (sandwich ELISA assay) (Figure 4.6). The assay kit for microcystin- 
LR consists o f 96 microtiter plate coated with anti-microcystin-LR antibodies which are 
immobilized to the walls of the wells. The antibodies are covalently bound to catalytic 
enzymes such as peroxidase and p-galactosidase, which produces color and can be 
measured at very low concentration (Brock and Madigan 1991). One antibody (the 
“capture” antibody) is bound to a solid phase typically attached to the bottom of a plate 
well. Antigen is then added and allowed to complex with the bound antibody. Unbound 
products are then removed with a wash, and a labeled second antibody (the “detection” 
antibody) is allowed to bind to the antigen, thus completing the “sandwich” (Rapley and 
Walker, 1998). The assay is then quantitated by measuring the amount o f labeled second 
antibody bound to the matrix, through the use of multichannel spectrophometer.
The test calibration was performed with a nontoxic microcystin-LR at levels 
equivalents to 0.1, 0.4 and 1.6 ppb. A typical calibration curve for microcystin-LR 
analysis is shown in Figure 4.5. Assays o f standard and samples were performed
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following the kit instructions. The ELISA kit instructions are briefly described as 
follows. A 125 nL volume o f microcystin assay diluent was rapidly added to each well 
that was used, preferably with a multi-channel pipetter. Immediately, 20pL volume of 
the sample, standard, calibrator, and negative control were added into the microtiter wells 
and incubated for 30 minutes at room temperature in orbital shaker at 200 rpm. A 0.100 
ml aliquot o f a microcystin-enzyme conjugate solution was then added and incubated for 
another 30 min at ambient temperature in orbital shaker at 200 rpm. The wells were 
emptied and washed four times with Wash Solution (one packet o f phosphate-buffered 
saline -  Tween 20, pH 7.4 in 1 L o f distilled water). A 100 p̂ L aliquot o f substrate was 
added to each well and incubated for 30 minutes at ambient temperature. This substrate 
was transformed by the enzyme conjugate into a blue compound. A 100 mL of 1.0 N 
hydrochloric acid solution was added to stop the reaction, and the solutions turn yellow. 
The absorbance was immediately measured at 450 nm.
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APPENDIX D
MICROCYSTIN ADSORPTION TEST
It is envisioned in this research that microcystin-LR may be adsorbed to inert 
materials such as, clay mineral (i.e. kaolinite) and filter media (anthracite). Microcystin- 
LR presents an evident affinity for clay surfaces (Morris et al., 2000). Recent studies 
have demonstrated high adsorption o f microcystin-LR by natural clay minerals (Morris et 
al., 2000; Miller et al. (2001). Morris et al. (2000) reported 81% of microcystin-LR 
removal from waters by clay mineral. Microcystin-LR can be adsorbed either when in 
contact with the suspended particles (polystyrene) in the influent line or as the water 
flows down through the filter bed. In the biofiltration experiments, polystyrene was used 
to mimic the suspended particles and to provide average turbidity levels usually found in 
lake waters. The typical particle concentration in natural water varies from 1 to 4 mg/L 
or approximately 0.8 to 3.1 NTU. Since the major objective o f this research is to 
evaluate the removal o f microcystin-LR due exclusively to biological degradation, it was 
be necessary to account how much toxin was removed by adsorption process.
Five borosilicate glass reactors were used to evaluate the adsorption of 
mierocystin-LR to polystyrene (1.06 pm size-fraction) and filter media in bateh 
experiment (Figure). Two reactors contained 100 mL of DI water with different 
concentrations o f polystyrene. Other three reaetors contained 100 mL of DI water with 
different volume o f filter media (anthracite). The amounts of polystyrene in each reactor 
varied to obtain reactors containing 1 and 2 mg/L, and the amounts o f anthracite were
194
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
from 0.5, 1, 5 and 2 g. Each reactor was spiked with 100 pg/L of microcystin-LR. This 
concentration was chosen because it was thought to be representative o f typical 
concentrations o f microcystin-LR in lake waters following cyanobacterial blooms. One 
eontrol reactor containing 100 mL of DI and 100 pg/L of microcystin-LR was included in 
the experiment to ensure that any decrease in the initial concentration of microcystin-LR 
was due to adsorption. The adsorption tests were run at different eontact time 5, 10, 
and 15 minutes. Samples were periodically collected to evaluate the adsorption of 
microystin with time. All reactors were shaken at 200 rpm at ambient temperature.
Adsorption tests were performed in the control filter under slow filtration 
condition (EBCT = 1 5  minutes). The column was fed with increasing microcystin-LR 
concentration (20, 40 and 80 pg/L) to evaluate the adsorption capacity o f anthracite. 
Later, polystyrene microspheres were added into the column separately and the total 
adsorption during filtration process was accounted. At the completion of the adsorption 
tests in the control column, the anthracite was carefully transferred to volumetric burettes 
for microcystin-LR extraction tests with 95 % methanol solution. The purpose of the 
extraction tests was to confirm the adsorption o f microcystin to anthracite. To determine 
whether microcystin is adsorbed to the filter column wall, the empty column (no 
anthracite) was filled with 20 pg o f /L o f microcystin-LR solution and the concentration 
o f toxin inside o f the column was measured 24 hours later.
The percentage o f microcystin-LR adsorbed to anthracite in batch experiments 
and to anthracite and polystyrene in the control filter is shown in Table D. In the batch 
and non-biological filter experiments the toxin removal varies from 16.1 % - 26.5 % and 
from 25.2% to 30.3 %, respectively. In the non-biological filter, it was observed that
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after 12 hours, the maximum adsorption capacity o f the column (anthracite and 
polystyrene) was achieved. After 12 hours, the percentages o f microcystin removal by 
adsorption dropped to about 18%, and consequently, its concentration in the effluent 
started to increase (Figure DI). The adsorption o f microcystin-LR to anthracite was 
confirmed through extraction experiments with methanol. The extraction tests yielded 8 
pg/L of toxin. No microcystin was adsorbed to the walls o f the filtration apparatus.
Figures DI and D2 depict the adsorption of microcystin to anthracite with time. 
Figure D3 shows the amount o f toxin adsorbed by polystyrene. And Figure D4 presents 
the results o f  adsorption experiments in the abiotic filter column.
Table DI -  Adsorption of microcystin-LR to anthracite and to polystyrene in the abiotic 
control filter.
Batch Experiments Control Filter
Time Anthracite (g) % Adsorbed Time Polystyrene (g) % Adsorbed
0 min. 0.5 0 0 min. 0 25J
1.0 0 30 min. 0 26.1
2.0 0 0 min. 1 2&8
5 min. 0.5 16.01 10 min. 1 27.1
1.0 17.58 20 min. 1 2&9
2.0 18.49 30 min. 1 29.8
10 min. 0.5 17.16 60 min. 1 30.3
1.0 18.88 12 hours 1 29.4
2.0 23.04 24 hours 1 19.7
15 min. 0.5 25.16 36 hours 1 17.9
1.0 24.82 24 hours 1 18.3
2.0 26.5
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M icrocystin-L R  a d so rp tio n  - 24h
110 J- 
100 I  
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20 • 
10
I
S
0 5 10 15 20 3025
T im e (m in.)
-$— 0.5 g Anthr. 1 g Anthr. —A— 2 g Anthr. —x— Control
Figure DI -  Adsorption o f microcystin in batch reactors with 0, 0.5, 1, and 2 g of 
anthracite for a 24h-run experiment.
M icrocystin-L R  a d s o rp tio n  -1 5  m in.
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-4— 0.5 g Anthr. —#— 1 g Anthr. a  2 g Anthr. x  Control
Figure D2 -  Adsorption of microcystin in batch reactors with 0, 0.5, 1, and 2 g of 
anthracite in a 15min-run experiment.
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M icrocystin adsorp tion  to  particles
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Figure D3 -  Adsorption o f microcystin-LR by kaolin and polystyrene in batch 
experiments
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Figure D4 -  Microcystin removal by adsorption in the abiotic filter column.
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The amount o f microcystin-LR removed from water per gram of anthracite was 
also determined by linear regression analysis performed using Excel (Microsoft) 
software. Langmuir, Freundlich and Linear isotherm were used to predict the mass o f 
microcystin-LR removed per mass o f anthracite and polystyrene (Figures D5 -  D16).
F reund lich  Iso th e rm  - A n th rac ite  (24 h)
0.90
0.80
0.70 •
0.60 •
F
■s 0.50 •
D) 0.40 •o_l 0.30 -
0.20 -
0.10
0.00
0.0
y = 0.2545X + 0.3538 
R: = 0.3536
0.5 1.0 
Log C
1.5 2.0
Figure D5 -  Freundlich Isotherm -  Anthracite (24 h)
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2> 0.30
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Figure D 6- Freundlich Isotherm -  Anthracite (15 min.)
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Freund lich  Iso th e rm  - Kaolin (24 h)
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Figure D 7- Freundlich Isotherm -  Kaolin (24 h)
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Figure D 8- Freundlich Isotherm -  Polystyrene (24 h)
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Langm uir Isotherm  - A nthracite (24h)
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Figure D 9- Langmuir Isotherm -  Anthracite (24 h)
L angm uir is o th e rm  - A n th rac ite  (15 m in)
0.8
cc_l
ü
E
O)3 y =716 .78x-9 .0005  
R2 = 0.9993
I
0.0128 0.013 0.0134 0.0136 0.01380.0132
1/0 (L/ug)
Figure D IO - Langmuir Isotherm -  Anthracite (15 min.)
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L angm uir Iso th e rm  - Kaolin (24h)
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Figure D U  -  Langmuir Isotherm -  Kaolin (24 h)
C(0
D)
I
L angm uir iso th e rm  - P o ly s ty re n e  (24h)
1.2
1
0.8
y = 0.0568X + 0.437 
FP = 10.6
0.4
0.2
0
12.02.0 6.0 10.00.0 4.0 8.0
1/C (L/ug)
Figure D12 - Langmuir isotherm -  Polystyrene (24 h)
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Figure 13- Linear Isotherm -  anthracite (24h)
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Figure 14- Linear Isotherm -  anthracite (15 min)
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Linear Isotherm  - Kaolin (24 h)
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Figure 15- Linear Isotherm -  Kaolin (24h)
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Figure 16- Linear Isotherm -  Polystyrene (24 h)
204
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX E
OPTIMAL TOC CONCENTRATION DETERMINATION FOR THE 
BIODEGRADATION AND BIOFILTRATION EXPERIMENTS
Table E l -  Optical density of enrichment bacterial cultures at different TOC 
concentrations.
15m g/L  T O C 30 m g/L  T O C 10 m g/L  T O C
Tim e
(h) M ead L A A FP Sphing. M ead LA A FP Sphing. M ead LA A FP Sphing.
0 0.146 0.196 0.213 0.159 0.224 0.199 0.136 0.155 0.198
1 0.150 0.133 0.151 0.122 0.067 0.177 0.144 0.123 0.168
2 0.114 0.126 0.152 0.112 0.075 0.134 0.112 0.112 0.145
3 0.114 0.132 0.155 0.121 0.106 0.155 0.111 0.128 0.140
4 0.101 0.144 0.151 0.117 0.083 0.155 0.103 0.139 0.134
5 0.107 0.154 0.157 0.135 0.095 0.196 0.110 0.137 0.123
6 0.118 0.179 0.154 0.132 0.112 0.200 0.126 0.146 0.149
7 0.127 0.201 0.183 0.146 0.122 0.199 0.129 0.148 0.154
8 0.127 0.206 0.200 0.159 0.179 0.220 0.137 0.155 0.159
9 0.139 0.196 0.216 0.166 0.187 0.258 0.139 0.156 0.161
10 0.151 0.193 0.259 0.192 0.246 0.264 0.144 0.159 0.168
11 0.168 0.211 0.259 0.242 0.287 0.304 0.157 0.161 0.174
12 0.156 0.213 0.220 0.265 0.237 0.288 0.160 0.162 0.180
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Figure El -  Determination o f Lake Mead enrichment bacterial culture growth rate in 
Powell & Errington medium containing 10 mg/L TOC. The slope is the growth rate.
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Figure E2 -  Determination o f LAAFP enrichment bacterial culture growth rate in Powell 
& Errington medium containing 10 mg/L TOC. The slope is the growth rate
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Figure E3 -  Determination o f pure Sphingomonas bacterial culture growth rate in Powell 
& Errington medium containing 10 mg/L TOC. The slope is the growth rate
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Figure E4 -  Determination o f Lake Mead enrichment bacterial culture growth rate in 
Powell & Errington medium containing 15 mg/L TOC. The slope is the growth rate
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Figure E 5- Determination o f LAAFP enrichment bacterial culture growth rate in Powell 
& Errington medium containing 15 mg/L TOC. The slope is the growth rate
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Figure E 6- Determination o f pure Sphingomonas bacterial culture growth rate in Powell 
& Errington medium containing 15 mg/L TOC. The slope is the growth rate
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Figure E7 -  Determination o f Lake Mead enrichment bacterial culture growth rate in 
Powell & Errington medium containing 30 mg/L TOC. The slope is the growth rate
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Figure E8 -  Determination o f LAAFP enrichment bacterial culture growth rate in Powell 
& Errington medium containing 30 mg/L TOC. The slope is the growth rate
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Figure E8 -  Determination o f pure Sphingomonas baeterial culture growth rate in Powell 
& Errington medium containing 30 mg/L TOC. The slope is the growth rate
Table E2 -  Doubling times o f enrichment bacterial cultures for different TOC 
concentrations.
P tqen
Culture 10 mg/L 15 mg/L 30 mg/L 10 mg/L 15 mg/L 30 mg/L
Mead 0.0059 0.0089 0.0224 117.5 77.9 30.9
LAAFP 0.0028 0.0148 0.0294 247.5 46.8 23.6
Sphing. 0.0051 0.0242 0.0255 135.9 28.6 27.2
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APPENDIX F
WATER RECOVERY CALCULATION FOR BIOFILTERS OPERATED TO
REMOVE MICROCYSTIN
o  ^rrw
R ecover); - —
Where,
Vf = volume of water filtered during one filter run, m^. 
Vbw -  volume of water required to backwash, m^.
VpTw = volume o f water discharged as filter-to-waste, m^.
Slow Biofilter: 
Vp =  0 .0 0 2 9  m^
V bw ~  0.00115 m^
Vpxw ~  0 .0 0 0 7 2  m^
Recovery = 35%
Rapid Biofilter:
VF =  0 .0 1 7 6  m^
V B W  =  0 .0 0 1 8 m"
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VFTW = 0.00756 m"
Recovery = 47%
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APPENDIX G
LINEARIZATION MODEL PLOTS
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Figure G I- Plot o f microcystin degradation rate versus microcystin concentration.
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Figure G2- Lineweaver plot o f kinetic data from batch experiment.
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Hanes Linearization
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Figure G3- Hanes plot o f kinetic data from batch experiment.
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Figure G4- Hofstee plot o f kinetic data from batch experiment.
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APPENDIX H
EXCEL SPREADSHEET BUILT FOR MODEL SIMULATION
Parameter Estimation
S* = B12/B4
D* = B6/B5
T = ((D4*B6)/(B3*B9))A0.5
L* = B7/B17
L*f = B10/B17
n = TANH(B19)/B19
S*s = 0.5*((B15-1-(B18*B19*B16*B20))+((B15-1-B18*B19*B16*B20r2+(4*B15))''0.5)
J* = (B16*B19*B20)*(B21/(1+B21))
S*'s = B15-B22*B18
<j) = B19/(1+(2*B23))''0.5
n' = 1/B24-(TANH(B19)/B19)*(1/TANH(B24)-1)
J = B22*(D4*B5/B17)
s  = (B8-100*B27)*1000
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